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57 ABSTRACT

Herein described are apparatuses, systems, and methods for
measurement and reporting of channel state information
within wireless network systems. In embodiments, an appa-
ratus for a user equipment (UE) may include memory to
store a rank indicator (RI), a precoding matrix index (PMI),
and a channel quality indicator (CQI) of channel state
information (CSI) for the UE. The apparatus may further
include circuitry to concatenate the RI, the PMI, and the CQI
to produce a concatenated CSI element, generate a CSI
report that includes the concatenated CSI element, and cause
the CSI report to be transmitted to a base station within a
single slot. Other embodiments may be described and/or
claimed.

18 Claims, 17 Drawing Sheets

Recsive GSI-RS
configuration including
number of antenna ports.
[

}

Recsive number of
antenna port
‘configuration K for
codebook

|

subset of antenne ports K

-

Measure channei on

of C3IRS

on K antenna port of GSI-

Calouiato CS) using
charnal measuraments

RS with N anisnna ports

I

Perform PDSCH

reception assuming C51-

RS transmission using K
ports




US 11,848,736 B2
Page 2

Related U.S. Application Data

(60) Provisional application No. 62/531,571, filed on Jul.
12, 2017, provisional application No. 62/520,846,

filed on Jun. 16, 2017.

(56)

10,735,980
10,965,410
2009/0046805
2013/0083685
2014/0126383
2014/0133445

2014/0362941

2015/0189644
2015/0373694
2016/0142191
2016/0226709
2017/0134082
2017/0142715
2017/0195016
2018/0227156
2018/0234147
2018/0241454
2019/0253910
2019/0349057
2020/0052750

References Cited

U.S. PATENT DOCUMENTS

B2 *
B2 *
Al
Al
Al
Al*

Al*

Al
Al
Al
Al*
Al
Al
Al
Al
Al
Al*
Al
Al
Al

8/2020
3/2021
2/2009
4/2013
5/2014
5/2014

12/2014

7/2015
12/2015
5/2016
8/2016
5/2017
5/2017
7/2017
8/2018
8/2018
8/2018
8/2019
11/2019
2/2020

XU v HO04B 7/0417

Kwak ..ccoovonrnnn HO4W 72/0413

Kim et al.

Lee et al.

Tong et al.

Zhu oo HO04W 72/23
370/329

Gomadam ........... H04B 7/0456
375/267

Lorca Hernando

You et al.
Davydov et al.
Chen ....cccoovvvvvnnnn
Yum et al.

Li et al.
Alexander et al.
Papasakellariou
Lee et al.

Lee
Lee
Davydov et al.
Manolakos et al.

HO4L 1/0027

HO4L 5/0048

2020/0178103 Al 6/2020 Lunttila et al.
2020/0252824 Al 82020 Dinan

2020/0322816 Al* 10/2020 Xu HO04W 24/02

FOREIGN PATENT DOCUMENTS

CN 103812619 A * 5/2014
CN 105122869 A 12/2015
CN 112653495 A * 4/2021
EP 2863565 Al 4/2015
GB 2507782 A * 52014 ... HO04B 7/024
KR 20170063628 A * 6/2017
WO WO-2015/099511 Al 7/2015
WO WO-2015/167119 Al 112015
WO WO-2017107671 Al * 6/2017

OTHER PUBLICATIONS

3GPP, “Technical Specification Group Radio Access Network;
Study on New Radio Access Technology Physical Layer Aspects
(Release 14),” 3GPP TR 38.802 V14.0.0 (Mar. 2017), 5G, 143
pages.

1st Office Action and Search Report, dated Nov. 2, 2022, from
Chinese Patent Appl. No. 201880046368.8, 10 pages with English
Translation.

2nd Office Action and Search Report, dated May 13, 2023, from
Chinese Patent Appl. No. 201880046368.8, 13 pages with English
Translation.

* cited by examiner



U.S. Patent Dec. 19, 2023 Sheet 1 of 17 US 11,848,736 B2

100

N

102 104 108 112 110

([ [ )

el
Lo
Lop)

, Example (#S8B =4, 114
o | ComBguration/  ibits) 'biézts/ N1XN2=16, COI=4it / 116
Applicability A isaﬁ 8B, RI=3its) //
Ri+PMI| CQIB Tota¥]
L= fog(N;0q x NyOZ3] 2 18 16 35
1 Np=1 | [log(N;0x N0 -1
L=4 4
MNo> 1 | flog(N, 0y x N0 — 2 25 16 41
L= Hog(N, Oy x NyOD T+ 21 1 17 16 33
2 g | Mt Rogno o) | % | 16| 4
MNo>1 i flog(N; Oy x Np033 23 16 39
34
o N, O y ~ .
# of ports> 16 {mg( 121 xNzoz}]w i 1% | 16 | 3
56 log(N; Oy % NoOy)] 1015 | 32| 47
8 N
NN = 4.8 | Jrog (M0 }} :
8 02y
TE N o N2 M(N o2 Ly | | w2 |
nthenwise flog(N, 0y x Ny 0o 1 1 15 32 47




U.S. Patent Dec. 19, 2023 Sheet 2 of 17 US 11,848,736 B2

200

N

202+, g

RI Ri Ri PMI ~PM] PMI CQl ~CQI CGi
O ,{} )su)QQRI,lsO(} )O snw~{}}7‘ML;)QQ ;01 !"*FQOCQE_l

A Channel coding

2\5;3\ l

RiI—-PMI-CQf RI-PMI-CQI Ri—-PM[-L0f
EQQ; g ¢ s 4y ¢ soeeer (;Ri—-PMI f%r -
FIG, 2
300
302 304 2(36
RI-PMY index Ri P
308 ) s
N 4. R PME-1 } 0. NumOiPmiRi=1 - 1
Rit PMEL.R1Z P 2 0. NumOPmiRi=2 - 1
RiZz PMI R13 PME -1 3 0. NumOPmiRi=3 -1
RI3 PML.R14 P -1 4 G NumGiPmiRi=4 - 1




U.S. Patent Dec. 19, 2023

400

N

40, Eﬂgi_yw ,QREPMI | RLPMI

5o M GRIPML 5

|

Channel coding

|

RI-PMI—~CQI RI~PMI~COI
406+ Eq =Gl RI=PHI-CO]

404, _

0 s41 5o

FIG. 4
5(33\
502 ORI-PMI QRI=PMI | QRLEM] 1}

i

504, _|

506

\ RI-PMI . RI—-PM}
E% gy T

Sheet 3 of 17

005,05

US 11,848,736 B2

gLy

RI-PM{-CQI

M RI-PMI Q1.
b

508

Cof
ras G GC(Q,’ WE‘E &j

0, 0%

i

Channel coding Channel coding - 510
2 ~PM] cor_col LCQI
yaves QZIR*‘{%’AH*{?O?I:Q}Q seer df Q{%Qz..arﬂmz
¥
e : . 514
Multiplexing and interleaving e




U.S. Patent Dec. 19, 2023

800

N

608+,

Rl ~RI - R
(}!} e-{-} "“’{}OR}--I

|

Mi A PW
{Qgiﬁ , OiMi ,,..,O

Sheet 4 of 17

PMI
(;PMLl 3

US 11,848,736 B2

CRE ~CQT Cil
00 ,01 5e ’BQCQL},

§10.__

Channel coding Channel coding

612

004 808

K«a LRI LRI
[f{c- A

Ri
¥s3p (/} Qi{‘f...ll

¥ ¥

PMI—COI

PMI-COT

3 M1 Foare s QPMI —CQf —1

PMI-COf }

Multiplexing and inlerleaving

fﬁ'ii@

l



U.S. Patent Dec. 19, 2023 Sheet 5 of 17 US 11,848,736 B2

700

702

\ identify Channel State Information Reference Signal
704

\ Determine Channel State Information
708

\ implement Channel State information Concatenation Approach
708

Generate Channel State Information Report

710

\ Map Channel State information Report to Resource
71

=

Transmit Channe! State Information Report

FIG. 7



U.S. Patent Dec. 19, 2023 Sheet 6 of 17 US 11,848,736 B2

800
802
\\ identify a Transmission
804
Determine Channel State Information
806

Verify Validity of the Channel State Information




U.S. Patent Dec. 19, 2023 Sheet 7 of 17 US 11,848,736 B2

900

1002




U.S. Patent Dec. 19, 2023 Sheet 8 of 17 US 11,848,736 B2

N
’/}”%xxxﬁy
e |7 X]X XX
X|X X X
XX XX
/



U.S. Patent Dec. 19, 2023 Sheet 9 of 17 US 11,848,736 B2

1200

W

1202 Receive CSI-RS
configuration including
number of antenna ports
N

'

1204 Raceive number of
antenna port
configuration K for
codebook

\\\ Measure channel on

subset of antenna ports K
of CSIRS

'

1208 Calculate CSI using
channel measurements
on K antenna port of C5I-
RS with N antenna ports

i

0

.l  Perform PDSCH

reception assuming CSI-

RS transmission using K
ports

FIG. 12



U.S. Patent Dec. 19, 2023 Sheet 10 of 17 US 11,848,736 B2

1300
1302
\\ Generate Channel State Information Reference Signal Configuration
1304
Generate a Message
1306

Generate Channel State Information Reference Signal

arwatn
()]
[
A

Identify Channel State Information

|

&
\\ Apply Precoding to Transmissions




US 11,848,736 B2

Sheet 11 of 17

Dec. 19, 2023

U.S. Patent

omwx/fw

S —

078X !

LI e

M
§
§
§

£78¥X i

i MO
m
§
i
i
§
§
§
H
w //ﬂffs
HIANIS
NOILLY DI TddY

Pl Old

dv

A 4

PiSX




US 11,848,736 B2

Sheet 12 of 17

Dec. 19, 2023

U.S. Patent

OLEX

80LX

o=

Gl 9ld

-

8901X  yody L

90LX

001X

/

(—

AHLINOHIO
dd¥

SPOLX

Hr0LX
YHOLX
mmm/s”x Q@W&X W0 im.vm/ W) iﬁx/
w7 \ \
WO HID gg il gg |l g9
HINAS] I H3L AIHLO a6 |l op || o
AHADHD
ol un (INYE3ISYY
dINY] AW 480
AHOWEW || 1991 Gimny
\ \\ IO ¥ 7 7
< 4 i

Jd

FNPFX

N

\ <0LX
AY0LX > r/
4P0AX FOLX




US 11,848,736 B2

Sheet 13 of 17

Dec. 19, 2023

U.S. Patent

gl "Oid
POLX
AHLINDHID 801X
aNVEISYE OrOLX vrOLX
ayorx
a6 a4 ag
96 O 9
HAHLO
NI LN LN AN
NN AEHY AEIY e
a%zxMW OYONX MW m%meW Mqugnx
P AHOWIN
YOLX — o
IONX MW
1N
REIR
dsa
D olany

ERV
Wd

T

LN
MHM

LR
4

LR
dd¥

LN
WA

2P0LX \\\ %E\x



US 11,848,736 B2

Sheet 14 of 17

Dec. 19, 2023

U.S. Patent

di

e’ 4108
PLAX
’ dv-18
GLAY —

AN IE
LLAX \W\Q
/i B AHd  —
ZOAX
20 S N

e i ! fn.(!l/fl/
e >xﬂs di08 d00d 1.,;// EOAX

PLAX POAX
dv-18 D
o >x\\\ N gonx
ZLiX \\
1LY

/ﬁ»ogx

LOAX
N
Ak :
CONX
10172 R S
O r}i//
d00d n/// SONAK
POAX
O
e GOAK
SN e GOAX

AVED ¢ \\\\

fLOLX



US 11,848,736 B2

Sheet 15 of 17

Dec. 19, 2023

U.S. Patent

2L oid
LOAX
AAE}d LLAX AAD-S LEAX \\\/
I naia e L1 e L] AHd T zoax T AHd
ZLAX ZLAX VPP N E
i = N,
71 Z Z i O T O
dO0d —h_ PO L anad
dhidan - - didan | didan |  dizdan
el EOPAX L~ 1 oeomx | OAY
MNdls Nl Nl Nl
i
POMX PORY
/ £ LAYt
di
~ AN ZhiX 204X
AR D 4 LOLY

gCiX

/iaim EAX

ﬂ/tmaix



US 11,848,736 B2

Sheet 16 of 17

Dec. 19, 2023

U.S. Patent

gciX

AN 4

AAD Y

6L "Did
A T [ |
T 4404 M-S w
ZOXX ——1 M
P 3N i
e MO W
I I {E— |
P : S8H “

LCLX




US 11,848,736 B2

Sheet 17 of 17

Dec. 19, 2023

U.S. Patent

HOSIAYIdAH

¢0ZX

0 "Sid

1274 ¢ SNOILONMLISNI

SHSVEVYIY(D

907X
SNOLLONYLSNI 057X
807X S30IATIC
TYHIHdIMAd vOZ¥
08ZX ——+ SIOHNOSTE NOLLYOINNWNGD w
| |
Oex — SNOLLONYLSNI _
077X~ m
m £
| SIVNAIN IOVHOLS/AHOWIN i._e!t@wmx
|
| | 0s7x
(J
057X | SNOILDOHLSNI SNOILONSLSNIHTT
i
| olele . M
FL7X i HOSSAOOH HOSSIDOU ,,//fT/
OLZX SHOSSID0H | ChZX
e e — SIATUNOSTY AVAGHYH |



US 11,848,736 B2

1
CHANNEL STATE INFORMATION
CONCATENATION AND ANTENNA PORT
MEASUREMENT

RELATED APPLICATIONS

The present application is a continuation of U.S. patent
application Ser. No. 16/479,195, filed Jul. 18, 2019, entitled
“CHANNEL STATE INFORMATION CONCATENATION
AND ANTENNA PORT MEASUREMENT,” now U.S. Pat.
No. 11,025,326, which is a U.S. National Phase of Interna-
tional Application No. PCT/US2018/037351, filed Jun. 13,
2018, which claims priority to U.S. Provisional Patent
Application No. 62/520,846, filed Jun. 16, 2017, entitled
“SINGLE SLOT CHANNEL STATE INFORMATION
(CSI) REPORTING” and U.S. Provisional Patent Applica-
tion No. 62/531,571, filed Jul. 12, 2017, entitled
“ANTENNA PORT CONFIGURATION FOR NEW
RADIO COMMUNICATION SYSTEMS,” all of which are
herein incorporated by reference in their entireties.

TECHNICAL FIELD

The present disclosure relates to the field of wireless
network systems. More particularly, the present disclosure
relates to the measurement and reporting of channel state
information within wireless network systems.

BACKGROUND

The background description provided herein is for the
purpose of generally presenting the context of the disclo-
sure. Unless otherwise indicated herein, the materials
described in this section are not prior art to the claims in this
application and are not admitted to be prior art by inclusion
in this section.

In legacy wireless systems, base stations supported user
equipment having similar capabilities. The user equipment
would measure channel state information (CSI) for all the
antenna ports of a base station to generate a CSI report.
Further, the user equipment would report portions of the CSI
in different slots of a frame structure. As the number of
antenna ports supported by the base stations have increased,
efficiency in CSI reporting may be available.

BRIEF DESCRIPTION OF THE DRAWINGS

Embodiments will be readily understood by the following
detailed description in conjunction with the accompanying
drawings. To facilitate this description, like reference
numerals designate like structural elements. Embodiments
are illustrated by way of example, and not by way of
limitation, in the figures of the accompanying drawings.

FIG. 1 illustrates a table showing example channel state
information (CSI) content, according to various embodi-
ments.

FIG. 2 illustrates an example of CSI concatenation
approach, according to various embodiments.

FIG. 3 illustrates an example table showing example rate
indication (RI)-precoding matrix indication (PMI) indices,
according to various embodiments.

FIG. 4 illustrates another example of CSI concatenation
approach, according to various embodiments.

FIG. 5 illustrates another example of CSI concatenation
approach, according to various embodiments.

FIG. 6 illustrates another example of CSI concatenation
approach, according to various embodiments.

20

30

40

45

55

65

2

FIG. 7 illustrates a CSI report procedure, according to
various embodiments.

FIG. 8 illustrates a CSI determination procedure, accord-
ing to various embodiments.

FIG. 9 illustrates an example antenna port arrangement,
according to various embodiments.

FIG. 10 illustrates another example antenna port arrange-
ment, according to various embodiments.

FIG. 11 illustrates another example antenna port arrange-
ment, according to various embodiments.

FIG. 12 illustrates an example procedure of CSI calcula-
tion, according to various embodiments.

FIG. 13 illustrates a subset configuration procedure,
according to various embodiments.

FIG. 14 illustrates an architecture of a system of a
network in accordance with some embodiments.

FIG. 15 illustrates example components of a device in
accordance with some embodiments.

FIG. 16 illustrates example interfaces of baseband cir-
cuitry in accordance with some embodiments.

FIG. 17 is an illustration of a control plane protocol stack
in accordance with some embodiments.

FIG. 18 is an illustration of a user plane protocol stack in
accordance with some embodiments.

FIG. 19 illustrates components of a core network in
accordance with some embodiments.

FIG. 20 is a block diagram illustrating components,
according to some example embodiments, able to read
instructions from a machine-readable or computer-readable
medium (e.g., a non-transitory machine-readable storage
medium) and perform any one or more of the methodologies
discussed herein.

DETAILED DESCRIPTION

Herein described are apparatuses, systems, and methods
for measurement and reporting of channel state information
within wireless network systems. In embodiments, an appa-
ratus for a user equipment (UE) may include memory to
store a rank indicator (RI), a precoding matrix index (PMI),
and a channel quality indicator (CQI) of channel state
information (CSI) for the UE. The apparatus may further
include circuitry to concatenate the RI, the PMI, and the CQI
to produce a concatenated CSI element, generate a CSI
report that includes the concatenated CSI element, and cause
the CSI report to be transmitted to a base station within a
single slot.

In the following detailed description, reference is made to
the accompanying drawings which form a part hereof
wherein like numerals designate like parts throughout, and
in which is shown by way of illustration embodiments that
may be practiced. It is to be understood that other embodi-
ments may be utilized and structural or logical changes may
be made without departing from the scope of the present
disclosure. Therefore, the following detailed description is
not to be taken in a limiting sense, and the scope of
embodiments is defined by the appended claims and their
equivalents.

Aspects of the disclosure are disclosed in the accompa-
nying description. Alternate embodiments of the present
disclosure and their equivalents may be devised without
parting from the spirit or scope of the present disclosure. It
should be noted that like elements disclosed below are
indicated by like reference numbers in the drawings.

Various operations may be described as multiple discrete
actions or operations in turn, in a manner that is most helpful
in understanding the claimed subject matter. However, the
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order of description should not be construed as to imply that
these operations are necessarily order dependent. In particu-
lar, these operations may not be performed in the order of
presentation. Operations described may be performed in a
different order than the described embodiment. Various
additional operations may be performed and/or described
operations may be omitted in additional embodiments.

For the purposes of the present disclosure, the phrase “A
and/or B” means (A), (B), or (A and B). For the purposes of
the present disclosure, the phrase “A, B, and/or C” means
(A), (B), (C), (A and B), (A and C), (B and C), or (A, B and
O).

The description may use the phrases “in an embodiment,”
or “in embodiments,” which may each refer to one or more
of the same or different embodiments. Furthermore, the
terms “comprising,” “including,” “having,” and the like, as
used with respect to embodiments of the present disclosure,
are synonymous.

As used herein, the term “circuitry” may refer to, be part
of, or include an Application Specific Integrated Circuit
(ASIC), an electronic circuit, a processor (shared, dedicated,
or group) and/or memory (shared, dedicated, or group) that
execute one or more software or firmware programs, a
combinational logic circuit, and/or other suitable compo-
nents that provide the described functionality.

FIG. 1 illustrates a table 100 showing example channel
state information (CSI) content, according to various
embodiments. In particular, the table 100 illustrates CSI
content and content size for an example new radio (NR) type
1 single panel codebook.

The table 100 indicates CSI content dependent on rank (or
rank indicator (RI)) for the CSI, as indicated by the rank
column 102. The rank may indicate how many multiple-
input, multiple-output (MIMO) layers are preferred for
downlink transmission for a user equipment (UE). The size
of the elements within the CSI may be dependent, at least
partially, on the rank.

The table 100 further indicates a configuration of a
codebook associated with the UE, as indicated by configu-
ration column 104. For example, the configuration for the
codebook may be dependent on a special codebook con-
figuration element, represented by L in the illustrated
embodiment, and/or a number of antenna elements or
antenna ports, as represented by a number of antenna
elements N, in the horizontal dimension of an antenna array
and a number of antenna elements N, in the vertical dimen-
sion of the antenna array. The size of the elements within the
CSI may be dependent, at least partially, on the configuration
of the codebook.

The table 100 further indicates a number of bits that
indicates a subset of beams to be utilized for transmissions,
as represented by i, and indicated by i, column 106. The
number of bits that indicate a subset of beams may vary
based on the rank for the CSI, the configuration of the
codebook, or some combination thereof. In particular, an
equation for determining the number of bits may differ, as
indicated in the table 100, based on the rank for the CSI, the
configuration of the codebook, or some combination thereof.
Further, the calculation of the number of the bits may depend
on the number of antenna ports, as represented by N, and N,
in the illustrated embodiment, and/or a density of beams
emitted from the antenna array, as represented by a density
O, in the horizontal dimension of the antenna array and a
density O, in the vertical dimension of the antenna array.

The table 100 further indicates a number of bits that
indicates an exact beam to be utilized for transmissions, as
represented by i, and indicated by i, column 108. The
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number of bits that indicate the exact beam may vary based
on the rank for the CSI, the configuration of the codebook,
or some combination thereof. The number of bits may be
defined based on a number of bits per sub band (SB), where
the values indicated in the i, column 108 indicate a number
of bits utilized to indicate the exact beam per SB.

The table 100 further indicates example numbers of bits
for elements of the CSI for a particular scenario, as repre-
sented by CSI bit size column 110. In particular, the scenario
may include an arrangement having 4 SBs, 16 antenna
elements (or antenna ports), 4 bits per SB, for a channel
quality indicator (CQI), and 3 bits for a rank indicator (RI).
In particular, the CSI bit size column 110 includes: an
RI/precoder matrix indicator (PMI) subcolumn 112 that
indicates a number of bits utilized for providing RI and PMI
within the CSI; a CQI subcolumn 114 that indicates a
number of bits utilized for providing CQI within the CSI;
and a total subcolumn 116 that indicates a total number of
bits utilized for the CSI. As can be seen from the table 100,
a total number of bits utilized for the CSI may vary based on
the rank, the codebook configuration, or some combination
thereof

A base station (such as a NodeB (NB), an evolved NodeB
(eNB), a next generation NodeB (gNB), RAN Node XS11
(FI1G. 14), and/or RAN Node XS12 (FIG. 14)) may not know
the total number of bits utilized for the CSIuntil a CSI report
is received at the base station. For example, the base station
may determine the total number of bits utilized for the CSI
from the received CSI report. Further, NR may support
single codeword for CSI up to rank of 4 and two codewords
for CSI for ranks greater than 4, which may cause double
CQI size and further variation in the total number of bits
utilized for the CSI.

Further, a format of a physical uplink control channel
(PUCCH) transmission carrying a CSI report and/or an
amount of resources for a selected PUCCH format carrying
the CSI report may vary somewhat dynamically based on the
RI. For example, the number of physical resource blocks
(PRBs) for CSI transmission may change depending on the
RI and/or the CSI feedback mode. In particular, the number
of PRBs used for the CSI report may change dynamically
with changes (increase or decrease) in CSI content size. The
resource to be used for transmission of the CSI report may
be configured via higher layers or may be defined in tech-
nical specifications related to 5G.

In some embodiments, the PUCCH format and amount of
resources utilized for transmission of the CSI report may be
configured to support a maximum CSI content size. In these
embodiments, when the CSI content size is smaller than the
maximum CSI content size, filler bits may be added to the
CSIin the CSIreport to transform the CSI content size in the
CSI report to the maximum CSI content size. For example,
bits having a value of 0 may be added to the CSI to increase
the CSI content size to the maximum CSI content size for a
CSI report.

In instances where both the base station and the UE are
aware of the CSI elements included a CSI report, the
PUCCH format and/or an amount of a resource for trans-
mission of the CSI report may change accordingly. In
particular, both the base station and the UE may be config-
ured to be aware of the PUCCH format and the resources
utilized for transmission of the CSI report, such that the UE
may format the CSI report in a defined format and transmit
the CSI report on defined resources, and the base station may
monitor the defined resources for the CSI report and deter-
mine the information included in the CSI report based on the
defined format. This may provide for more efficient report-
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ing of the CSI information than embodiments where either
the base station or the UE are unware of the PUCCH format
and/or amount of resources utilized for the transmission of
the CSI report.

In case of single slot reporting, the size of CSI contents
can depend on the RI, which may not be known at the base
station prior to the report. Furthermore, NR may support
single codeword up to rank 4 and two codewords otherwise,
which may cause double CQI size for above rank 4. In order
to support various PUCCH sizes, which can change some-
what dynamically depending on the reported RI, the format
of'the PUCCH carrying the CSI report and the amount of the
resource used for the selected PUCCH format, e.g., number
of physical resource blocks, can change depending on the RI
as well as the CSI feedback mode. More specifically, the
number of used physical resource blocks (PRBs) may
change dynamically with an increase in CSI contents size.
Which resource to use as the amount of resource changes
can be configured via higher layers or predefined in the
specification. In another approach, the PUCCH format and
the amount of the resource can be configured and used in the
way to support the case of the maximum CSI contents size.
In cases that both the base station and the UE are aware of
what combinations of CSI fields are included in the CSI
report, the PUCCH format and the amount of the resource
can change accordingly.

FIG. 2 illustrates an example of CSI concatenation
approach 200, according to various embodiments. The CSI
concatenation approach 200 may be performed by a UE for
generation of a CSI report to be transmitted to a base station.
In some embodiments, baseband circuitry (such as baseband
circuitry XT04 (FIG. 15)) of the UE may perform the CSI
concatenation approach 200. The UE may perform the CSI
concatenation approach 200 in response to receiving and/or
identifying a channel state information reference signal
(CSI-RS) from the base station.

For the CSI concatenation approach 200, the UE may
concatenate an RI, a PMI, and a CQI (collectively, “CSI
elements”) of CSI for the UE prior to coding of the CSI for
transmission within a CSI report. For example, the UE may
determine values for the RI, the PMI, and the CQI via
measuring of a channel based on the CSI-RS received from
the base station.

Prior to concatenation, the UE may determine whether a
payload size of the CSI elements is a maximum payload
size. In particular, the UE may compare bit sizes of the RI,
the PMI, and the CQI with maximum predefined bit sizes for
RI, PMI, and CQI. If the UE determines that the RI, the PMI,
and the CQI are the maximum predefined bit sizes, the UE
may proceed to concatenation. If the UE determines that any
of the RI, the PMI, and the CQI are smaller than the
maximum predefined bit sizes, the UE may add filler bits to
the RI, the PMI, and/or the CQI to have the RI, the PMI, and
the CQI be the maximum predefined bit sizes prior to
concatenation.

The UE may concatenate the RI, the PMI, and the CQI to
produce a concatenated CSI element 202. For example, the
bits for the RI are represented by o,~, 0,% . .., oz in
the illustrated embodiment, with the maximum bit size of RI
o™ The table 100 shows o™/ equal to 3. Further, the bits for
PMI are represented by o, o 7 . .. o in the
illustrated embodiment, with the maximum bit size of PMI
0" The table 100 shows o™*# equal to 16 for L=1 and o”*#
equal to 22 for L=4. Further, the bits for CQI are represented
by 0,9, 0,9 ..., o ca_, ““in the illustrated embodiment,
with the maximum bit size of CQI 0. The table 100 shows
0¥’ equal to 32.

10

15

20

25

30

35

40

45

50

55

60

65

6

The UE may then encode the concatenated CSI element
202. For example, the UE may perform a channel coding
procedure 204 with the concatenated CSI element 202. The
UE may encode the concatenated CSI element 202 by polar
code, Reed-Muller code, or some other code utilized for CSI
reporting. The channel coding of the concatenated CSI
element 202 may result in encoded CSI element 206. The
encoded CSI element 206 may include jointly encoded bits
qORI—PMI—CQI’ quI—PMI—CQI e quI—PMI—CQI_lRI_PMI_CQI,

In some embodiments, the UE may limit the RI to a
certain number. For example, the range of possible RI may
be limited to 4. In these embodiments, the size of the CQI
may be fixed to 16 (assuming 4 SBs). Accordingly, a size
variation corresponding to different ranks may be smaller.

FIG. 3 illustrates an example table 300 showing example
rate indication (RI)-precoding matrix indication (PMI) indi-
ces, according to various embodiments. In particular, a UE
may perform joint RI and PMI indexing, resulting in RI-PMI
indices in some embodiments. For example, baseband cir-
cuitry (such as baseband circuitry XT04 (FIG. 15)) of the
UE may perform the joint RI and PMI indexing in some
embodiments. Each of the RI-PMI values for the RI-PMI
indices may correspond to particular combinations of RI and
PMI values.

The table 300 includes an RI-PMI index column 302, an
RI column 304, and a PMI column 306. The RI-PMI index
value in a row may correspond to an RI and a PMI within
the same row. For example, the RI-PMI index value in a first
row 308 may correspond to the RI in the first row 308 and
the PMI in the first row 308. A size of the RI-PMI index may
be set to a fixed value, which may a maximum possible size
of the RI-PMI index.

FIG. 4 illustrates another example of CSI concatenation
approach 400, according to various embodiments. In par-
ticular, the CSI concatenation approach 400 may utilize the
RI-PMI indices, as described in regards to table 300 (FIG.
3). The CSI concatenation approach 400 may be performed
by a UE for generation of a CSI report to be transmitted to
a base station. For example, baseband circuitry (such as
baseband circuitry XT04 (FIG. 15)) of the UE may perform
the CSI concatenation approach 400 in some embodiments.
The UE may perform the CSI concatenation approach 400 in
response to receiving and/or identifying a CSI-RS from the
base station.

The UE may determine values for the RI, the PMI, and the
CQI via measuring of a channel based on the CSI-RS
received from the base station. The UE may perform the RI
and PMI indexing described in relation to FIG. 3 to generate
RI-PMI index values based on the determined RI and PMI.
The UE may then concatenate the RI-PMI index values with
the CQI.

Prior to concatenation, the UE may determine whether a
payload size of the RI-PMI index values and/or the CQI are
maximum payload sizes, respectively. In particular, the UE
may compare bit sizes of the RI-PMI index values within
maximum predefined bit sizes for the RI-PMI index. Further,
the UE may compare bit sizes of the CQI with maximum
predefined bit sizes for the CQI. If the UE determines that
the RI index values and the CQI are the maximum pre-
defined bit sizes, the UE may proceed to concatenation. If
the UE determines that either of the RI-PMI index values or
the CQI are smaller than the maximum predefined bit sizes,
the UE may add filler bits to the RI-PMI index values and/or
the CQI to have the RI-PMI index values and the CQI be the
maximum predefined bit sizes prior to concatenation.

The UE may concatenate the RI-PMI index values and the
CQI to produce a concatenated CSI element 402. For
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example, the bits for the RI-PMI index values are repre-
sented by oM o REPMI o mma FEPMIin the

illustrated embodiment, with the maximum bit size of CQI
0“9’ The table 100 shows o<’ equal to 32.

The UE may then encode the concatenated CSI element
402. For example, the UE may perform a channel coding
procedure 404 with the concatenated CSI element 402. The
UE may encode the concatenated CSI element 402 by polar
code, Reed-Muller code, or some other code utilized for CSI
reporting. The channel coding of the concatenated CSI
element 402 may result in encoded CSI element 406. The
encoded CSI element 406 may include jointly encoded bits

RI PMI- CQI RIPMI cor QRIPMICQI RI-PMI- CQI

FIG 5 111ustrates another example of CSI concatenation
approach 500, according to various embodiments. In par-
ticular, the CSI concatenation approach 500 may utilize the
RI-PMI indices, as described in regards to table 300 (FIG.
3). The CSI concatenation approach 500 may be performed
by a UE for generation of a CSI report to be transmitted to
a base station. For example, baseband circuitry (such as
baseband circuitry XT04 (FIG. 15)) may perform the CSI
concatenation approach 500. The UE may perform the CSI
concatenation approach 500 in response to receiving and/or
identifying a CSI-RS from the base station.

The UE may determine values for the RI, the PMI, and the
CQI via measuring of a channel based on the CSI-RS
received from the base station. The UE may perform the RI
and PMI indexing described in relation to FIG. 3 to generate
RI-PMI index values based on the determined RI and PMI.

In CSI concatenation approach 500, the UE may encode
the RI-PMI index values 502 and the CQI 508 prior to
concatenation of the RI-PMI index values 502 with the CQI
508. For example, the bits for the RI-PMI index values 502
are represented by oM o REFMI REPMI iy
the illustrated embodiment, with the maximum b1t size of
RI-PMI index o®™*”. The UE may perform a channel coding
procedure 504 with the RI-PMI index values 502. The UE
may encode the RI-PMI index values 502 by polar code,
Reed-Muller code, or some other code utilized for CSI
reporting. The channel coding of the RI-PMI index values
502 may result in encoded RI-PMI index values 506. The
encoded RI-PMI index values 506 may include encoded bits

RI-PMI | RI-PMI (RE-PMI
Yo > Qi cee s QR

Further the bits for CQI 508 are represented by 0,“<,
0,9 ..., 0 00r_,““"in the illustrated embodiment, with the
maximum bit size of CQI 0“?. In embodiments where the
RI is equal to or smaller than 4, the 0““’ may be equal to 16.
In embodiments where the RI is equal to or greater than 4,
the 0““" may be equal to 32. The UE may perform a channel
coding procedure 510 with CQI 508. The UE may encode
the CQI 508 by polar code, Reed-Muller code, or some other
code utilized for CSI. In some embodiments, the UE may
encode the CQI 508 by a different code format than the
RI-PMI index values 502. For example, the RI-PMI index
values 502 may be encoded by Reed-Muller code, whereas
the CQI 508 may be encoded by polar code. The channel
coding of the CQI 508 may result in encoded CQI 512. The
encoded CQI 512 may include the encoded bits q,“,
9,9 ..., qgrer, “Y. In some embodiments, the coding rate
for the RI-PMI index values 502 may be lower than a coding
rate for the CQI 508.

The UE may then perform a multiplexing and interleaving
operation 514 with the encoded RI-PMI index values 506
and the encoded CQI 512. For example, the two sequences
of encoded bits corresponding to the encoded RI-PMI index
values 506 and the encoded CQI 512, respectively, may be
multiplexed and interleaved before being mapped to

, O RFPMI_|

30

40

45

8

resources for transmission. The multiplexing and interleav-
ing of the encoded RI-PMI index values 506 and the
encoded CQI 512 may produce a concatenated CSI element.
In some embodiments, the baseband circuitry of the UE may
cause radio frequency (RF) circuitry (such as RF circuitry
XTO06 (FIG. 15)) of the UE to perform the multiplexing and
interleaving. In other embodiments, the baseband circuitry
of'the UE may perform the multiplexing and interleaving. In
some embodiments, each encoded bit of the encoded RI-
PMI index values 506 and the encoded CQI 512 may be
mapped to different PUCCH formats. For example, each
encoded bit of the encoded RI-PMI index values 506 may be
mapped in a different PUCCH format from the encoded CQI
512. In some embodiments, each encoded bit of the encoded
RI-PMI index values 506 and the encoded CQI 512 may be
mapped to different PUCCH symbols. For example, each
encoded bit of the encoded RI-PMI index values 506 may be
mapped to a different PUCCH symbol from the encoded
CQI 512.

FIG. 6 illustrates another example of CSI concatenation
approach 600, according to various embodiments. In par-
ticular, the CSI concatenation approach 600 may concat-
enate the PMI and CQI prior to encoding and further
concatenate with the RI after encoding. The CSI concatena-
tion approach 600 may be performed by a UE for generation
of a CSI report to be transmitted to a base station. For
example, baseband circuitry (such as baseband circuitry
XT04 (FIG. 15)) may perform the CSI concatenation
approach 600. The UE may perform the CSI concatenation
approach 600 in response to receiving and/or identifying a
CSI-RS from the base station.

The UE may determine values for the RI, the PMI, and the
CQI via measuring of a channel based on the CSI-RS
received from the base station. In CSI concatenation
approach 600, the UE may concatenate the PMI and the CQI
prior to encoding to produce concatenated PMI-CQI 602.
The b1ts for the PMI are represented by o,"*, o, 7
o mu_ 7™ within the concatenated PMI-CQI 602. Further
the b1ts for CQI are represented by 0,%, o,“<" .

o cor_, “CT The bit size of the PMI and the CQI may be
determmed based on the RI.

The UE may perform a channel coding procedure 604
with the concatenated PMI-CQI 602. For example, the UE
may encode the concatenated PMI-CQI 602 by polar code,
Reed-Muller code, or some other code utilized for CSI
reporting. The channel coding of the concatenated PMI-CQI
602 may result in encoded PMI-CQI 606. The encoded
PMI-CQI 606 may include bits q,; <97, q, <l
quco PMI-COI

Further the b1ts for RI 608 are represented by oy~
o, . o,x_ ™ in the illustrated embodiment, with the
maximum bit size of RI 0®/. The UE may perform a channel
coding procedure 610 with RI 608. The UE may encode the
RI 608 by polar code, Reed-Muller code, or some other code
utilized for CSI. In some embodiments, the UE may encode
the RI 608 by a different code format than the concatenated
PMI-CQI 602. For example, the RI 608 may be encoded by
Reed-Muller code, whereas the concatenated PMI-CQI 602
may be encoded by polar code. The channel coding of the RI
608 may result in encoded RI 612 The encoded RI 612 may
include the encoded bits q;%/, q,** . . ., qx_, %’ In some
embodiments, the coding rate for the RI 608 may be lower
than a coding rate for the concatenated PMI-CQI 602.

The UE may then perform a multiplexing and interleaving
operation 614 with the encoded RI 612 and the encoded
PMI-CQI 606 in some embodiments. For example, the two
sequences of encoded bits corresponding to the encoded RI
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612 and the encoded PMI-CQI 606, respectively, may be
multiplexed and interleaved before being mapped to
resources for transmission. The multiplexing and interleav-
ing of the encoded RI 612 and the PMI-CQI 606 may
produce a concatenated CSI element. In some embodiments,
the baseband circuitry of the UE may cause radio frequency
(RF) circuitry (such as RF circuitry XT06 (FIG. 15)) of the
UE to perform the multiplexing and interleaving. In other
embodiments, the baseband circuitry of the UE may perform
the multiplexing and interleaving. In some embodiments,
each encoded bit of the encoded PMI-CQI 606 and the
encoded RI 612 may be mapped to different PUCCH for-
mats. For example, each encoded bit of the encoded PMI-
CQI 606 may be mapped in a different PUCCH format from
the encoded RI 612. In some embodiments, each encoded bit
of the encoded PMI-CQI 606 and the encoded RI 612 may
be mapped to different PUCCH symbols. For example, each
encoded bit of the encoded PMI-CQI 606 may be mapped to
a different PUCCH symbol from the encoded RI 612.

FIG. 7 illustrates a CSI report procedure 700, according to
various embodiments. The CSI report procedure 700 may be
performed by a UE, such as the UE XS01 (FIG. 14) and the
UE XS02 (FIG. 14).

In stage 702, the UE may identify a CSI-RS received from
a base station. In response to identifying the CSI-RS, the
procedure may proceed to stage 704.

In stage 704, the UE may determine CSI via channel
estimation. In particular, the UE may measure channel
properties associated with a communication link between
the UE and the base station. For example, the UE may
determine CSI for the communication link that includes an
RI, a PMI, and a CQI.

In stage 706, the UE may implement a CSI concatenation
approach with the RI, the PMI, and the CQI. In particular,
the UE may implement one of the CSI concatenation
approach 200 (FIG. 2), the CSI concatenation approach 400
(FIG. 4), the CSI concatenation approach 500 (FIG. 5), or
the CSI concatenation approach 600 (FIG. 6). The imple-
mentation of the CSI concatenation approach may produce
a concatenated CSI element for inclusion within a CSI
report.

In stage 708, the UE may generate a CSI report for
transmission to the base station. The CSI report may include
the concatenated CSI element produced in stage 706.

In stage 710, the UE may map the CSI report to a resource
or resources for transmission to the base station. The UE
may map the CSI report to a single slot for transmission to
the base station. For example, the UE may map the CSI
report to a single slot of a PUCCH for reporting. In embodi-
ments, a portion of the CSI report may be mapped to a
different PUCCH symbol than another portion of the CSI
report, as described in relation to the CSI concatenation
approach 500 or the CSI concatenation approach 600. Fur-
ther, a portion of the CSI report may be mapped to a different
PUCCH format than another portion of the CSI report, as
described in relation to the CSI concatenation approach 500
or the CSI concatenation approach 600.

In stage 712, the UE may transmit the CSI report to the
base station on the mapped resource or resources.

FIG. 8 illustrates a CSI determination procedure 800,
according to various embodiments. The CSI determination
procedure 800 may be performed by a base station, such as
RAN Node XS11 (FIG. 14) and RAN Node XS12 (FIG. 14).

In stage 802, the base station may identify a transmission
received from a UE. The transmission may include CSI, or
some portion thereof. In some embodiments, the transmis-
sion may comprise a CSI report. The CSI report may include
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10
an RI, a PMI, and a CQI determined by the UE based on a
CSI-RS transmitted by the base station.

In other embodiments, the transmission may comprise a
demodulation reference signal (DMRS). A sequence of the
DMRS may be configured based on an RI associated with
CSI for the UE. In particular, the UE may have determined
the RI based on a CSI-RS transmitted by the base station and
configured the sequence of the DMRS based on the RI.

In stage 804, the base station may determine the channel
state information. In embodiments where the transmission
comprises a CSI report, the base station may assume certain
bit sizes of the RI, the PMI, and the CQI. For example, the
base station may assume the bit sizes of the RI, the PMI, and
the CQI correspond to one of the rows illustrated in the table
100 (FIG. 1). The base station may assume bit sizes to
correspond to a certain rank, such as a rank of 1. In some
embodiments, the possible RI values may be limited to
reduce the potential bit sizes of the RI, the PMI, and/or the
CQIL. The base station may then decode the CSI report based
on the assumed bit sizes to determine values of the RI, the
PMI, and the CQIL.

In embodiments where the transmission comprises a
DMRS, the base station may compare the sequence of the
DMRS with a predefined DMRS sequence associated with a
particular RI. In particular, the base station may have
multiple predefined DMRS sequences stored in memory,
where each of the predefined DMRS sequences correspond
to a different RI value. The base station may select one of the
multiple predefined DMRS sequences to compare with the
sequence of the received DMRS to determine whether the
received DMRS is for an RI value that corresponds to the
one of the multiple predefined DMRS sequences.

In stage 806, the base station may verify the validity of the
CSI. In embodiments where the transmission comprises a
CSI report, the base station may identify one or more cyclic
redundancy check (CRC) bits appended to the CSI report by
the UE. The base station may compare the determined
values of the RI, the PMI, and the CQI with the CRC bits to
determine if the CSI has been correctly decoded. In particu-
lar, the base station may compare the decoded bits for the RI,
the PMI, and the CQI with the CRC bits to determine if the
assumed bit sizes of the RI, the PMI, and the CQI utilized
for determining the CSI were the correct bit sizes. In
response to determining that the comparison of the decoded
bits for the RI, the PMI, and the CQI with the CRC bits
results in a determination that the CSI is invalid (i.e.,
improper bit sizes of the R, the PMI, and the CQI were
assumed), the base station may repeat stage 804 and stage
806 with assumption of different bit sizes of the RI, the PMI,
and the CQI until the comparison of the decoded bits for the
RI, the PMI, and the CQI with the CRC bits results in a
determination that the determined CSI is valid (i.e., proper
bit sizes of the RI, the PMI, and the CQI were assumed).

In embodiments where the transmission comprises a
DMRS, the base station may perform channel estimation
based on the RI determined in stage 804 to determine a
signal to interference and noise ratio (SINR) associated with
the one of the multiple predefined DMRS sequences utilized
in stage 804. The base station may further compare the
sequence of the received DMRS with others of the multiple
predefined DMRS sequences, and determine SINR for each
of the others of the multiple predefined DMRS sequences.
The base station may determine if the SINR for the RI
determined in stage 804 is higher than the SINRs for each of
the others of the multiple predefined DMRS sequences. If
the base station determines that the SINR for the RI deter-
mined in stage 804 is lower than any of the SINRs for the
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others of the multiple predefined DMRS sequences, the base
station may determine that the SINR for the RI determined
in stage 804 is invalid. In response to determined that the
SINR for the RI determined in stage 804 is invalid, the base
station may identify the one of the others of the multiple
predefined DMRS sequences with the highest SINR, and
determine that the transmission is associated with the RI that
corresponds to the predefined DMRS sequence with the
highest SINR.

In some embodiments where the transmission comprises
a DMRS, the base station may perform stage 804 for
multiple, or all, of the predefined DMRS sequences before
proceeding to stage 806. For example, the base station may
compare the sequence of the received DMRS with each of
the predefined DMRS sequences. In these embodiments, the
base station may determine SINRs for each of the predefined
DMRS sequences to determine SINRs associated with Rls
corresponding to each of the predefined DMRS. The base
station may then select the highest SINR out of the deter-
mined SINRs and determine that the valid RI associated
with the received DMRS is the RI associated with the
highest SINR.

In some embodiments, the CSI determination procedure
800 where the transmission comprises a DMRS may be
utilized in combination with the CSI concatenation approach
200 (FIG. 2), the CSI concatenation approach 400 (FIG. 4),
the CSI concatenation approach 500 (FIG. 5), the CSI
concatenation approach 600 (FIG. 6), the CSI determination
procedure 800 where the transmission comprises a CSI
report, or some combination thereof.

Further, in some embodiments, a maximum rank sup-
ported by the base station and/or the UE may determine
which of the CSI concatenation approach 200, the CSI
concatenation approach 400, the CSI concatenation
approach 500, the CSI concatenation approach 600, the CSI
determination procedure 800 with the transmission compris-
ing a DMRS, or the CSI determination procedure 800 with
the transmission comprising a CSI report is implemented.
For example, a threshold rank, K, may be predefined or
configured by higher layer signaling. If the maximum sup-
ported rank is greater than the threshold rank, one of the CSI
concatenation approach 200, the CSI concatenation
approach 400, the CSI concatenation approach 500, the CSI
concatenation approach 600, or the CSI determination pro-
cedure 800 with the transmission comprising a CSI report
may be implemented. If the maximum supported rank is
equal to or less than the threshold rank, the CSI determina-
tion procedure 800 with the transmission comprising the
DMRS may be implemented.

FIG. 9 illustrates an example antenna port arrangement
900, according to various embodiments. The antenna port
arrangement 900, the antenna port arrangement 1000 (FIG.
10), the antenna port arrangement 1100 (FIG. 11), the
procedure 1200 (FIG. 12) of CSI calculation, and the
procedure 1300 (FIG. 13) may relate to multiple-input,
multiple-output (MIMO) communication systems, such as
NR MIMO communication systems.

MIMO systems may rely on a plurality of transmission
(Tx) and reception (Rx) antennas to provide spatial diversity,
multiplexing, and array gains in the downlink (DL) and
uplink (UL) channels. In the DL, the Tx can improve the
performance by using CSI about the DL channel observed
by the Rx. The CSI can be obtained by the Tx from the Rx
from estimation of the UL channel and by using channel
reciprocity of the wireless channel, and/or from quantized
feedback measured by the Rx.
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The quantized form of CSI feedback may be more general
and can be used for both Frequency Division Duplex (FDD)
and Time Division Duplex (TDD) systems. The quantized
CSI may include the PMI to assist beamforming or precod-
ing selection at the Tx antennas of the base station. The set
of possible PMIs may be denoted as a codebook. For
different possible deployments of NR, the codebook may be
designed to provide reasonable performance in all possible
serving directions of the total radiated power (TRP).

CSI-RS may be reference signals introduced to support
channel measurement for CSI calculation. For NR, CSI-RS
may support 2, 4, 8, 12, 16, 24, and 32 antenna ports. The
density of CSI-RS may be 1 resource element per physical
resource block (PRB) pair per CSI-RS antenna port. CSI-RS
can be located in every PRB or every second PRB or every
third PRB. CSI-RS can be aperiodically, semi-persistently,
or periodically transmitted. The minimum periodicity of
CSI-RS transmission may be 5 subframes or 5 slots. The
parameters of CSI-RS may be configured to the user equip-
ment (UE) using higher layer signaling (e.g., radio resource
control (RRC) signaling and the like) and CSI-RS presence
can be dynamically indicated to the UE.

To reduce UE complexity, different UEs may be capable
of CSI processing for a different number of antenna ports.
For example, UE complexity may increase as larger num-
bers of antenna ports are to be scanned by the UE. In
particular, as the number of antenna ports are increased, a
number of bits for CSI reporting and/or a number of decod-
ing vectors/matrices may be increased, leading to higher UE
complexity. Accordingly, some UEs may be capable of
supporting up to a certain number of antenna ports, such as
8 or 16 antenna ports, while other UEs may support a greater
number of antenna ports. As a result, a base station may
transmit multiple CSI-RS signals with a different number of
antenna ports. For example, the base station may transmit
one CSI-RS on all antenna ports of the base station for more
advanced UEs that support a greater amount of antenna
ports, and may transmit another CSI-RS on a portion of the
antenna ports for less advanced UEs that support a lesser
amount of antenna ports. To reduce the overhead, a single
CSI-RS signal can be transmitted by the base station and a
UE capable of a smaller number of antenna ports may use
antenna port subset for channel measurements.

According to various embodiments, separate configura-
tions of antenna ports, N, for CSI-RS signal(s) and antenna
ports, K, for codebook(s) may be utilized, where N and K are
numbers and N is greater than or equal to K (e.g., N>=K).
According to various embodiments, a UE may use a subset
of K antenna ports for channel measurements using a
codebook with antenna port K. For Physical Downlink
Shared Channel (PDSCH) resource element (RE) mapping,
the UE may assume a CSI-RS is transmitted on N antenna
ports.

The antenna port arrangement 900 illustrates an arrange-
ment of an antenna array where a UE (such as UE XS01
(FIG. 14) and UE XS02 (FIG. 14)) utilizes a subset of
antenna ports for calculating CSI. In particular, a base
station (such as RAN Node XS11 (FIG. 14) and RAN Node
XS12 (FIG. 14)) that communicates with the UE may
include one or more antenna elements 902. In the illustrated
embodiment, the base station includes sixteen antenna ele-
ments 902, where each antenna element 902 is indicated by
an ‘X’ in the antenna port arrangement 900. Further, each
antenna element 902 may provide two antenna ports, where
each antenna port is indicated by a line in the ‘X’ of the
antenna elements 902. For example, a first antenna element
902a may provide a first antenna port 904 and a second
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antenna port 906. The antenna elements 902 may support a
cross-polarized antenna configuration, where each antenna
element 902 provides two antenna ports having polarization
slants of plus or minus 45 degrees, respectively. The total
number of antenna ports in the antenna port arrangement
900 illustrated is 32 antenna ports, where the total number
of antenna ports provided by a base station may be referred
to as ‘N’ antenna ports herein.

UEs may be capable of CSI processing for a maximum
number of antenna ports that is less than a total number of
antenna ports provided by the base station. In the illustrated
embodiment, the UE may be capable of CSI processing for
a maximum of 16 antenna ports. Accordingly, the UE may
utilize a subset of the antenna ports provided by the base
station for CSI processing to calculate CSI for the UE. In
particular, the UE may perform CSI calculation using a
codebook having a number of parameters equal to the
number of antenna ports within the subset, where the UE
may perform the CSI calculation on the subset. In the
illustrated embodiment, the UE may utilize a subset of 16
antenna ports to calculate CSI for the UE.

A subset of antenna ports to be utilized by a UE may be
predefined or configured by higher layer signaling. In the
illustrated embodiment, the UE may be configured to utilize
a first portion of a first half of the antenna ports (i.e., antenna
ports O, . .., K/2-1, where K is the number of antenna ports
within the subset) and a first portion of a second half of the
antenna ports (i.e., antenna ports N/2, . . . , N/2+K/2-1,
wherein N is a total number of the antenna ports of the
antenna port arrangement 900) to calculate CSI for the UE.
The size of the portions may be equal to half of the number
of antenna ports that the UE is capable of utilizing for CSI
processing. In particular, the UE may utilize a first portion
908 and a second portion 910 of the antenna ports to
calculate the CSI. For example, the UE may measure
CSI-RS transmitted by the antenna ports within the first
portion 908 and the second portion 910 to calculate the CSI
for the UE.

In other embodiments, the UE may be configured to
utilize a second portion of the first half of the antenna ports
and a second portion of the second half of the antenna ports
to calculate the CSI for the UE. In these embodiments, the
UE may utilize a third portion 912 and a fourth portion 914
of the antenna ports to calculate the CSI. For example, the
UE may measure CSI-RS transmitted by the antenna ports
within the third portion 912 and the fourth portion 914 to
calculate the CSI for the UE.

FIG. 10 illustrates another example antenna port arrange-
ment 1000, according to various embodiments. The antenna
port arrangement 1000 illustrates an arrangement of an
antenna array where a UE (such as UE XS01 (FIG. 14) and
UE XS02 (FIG. 14)) utilizes a subset of antenna ports for
calculating CSI. In particular, a base station (such as RAN
Node XS11 (FIG. 14) and RAN Node XS12 (FIG. 14)) that
communicates with the UE may include one or more
antenna elements 1002. In the illustrated embodiment, the
base station includes sixteen antenna elements 1002, where
each antenna element 1002 is indicated by an ‘X’ in the
antenna port arrangement 1000. Further, each antenna ele-
ment 1002 may provide two antenna ports, where each
antenna port is indicated by a line in the ‘X’ of the antenna
elements 1002. For example, a first antenna element 1002a
may provide a first antenna port 1004 and a second antenna
port 1006. The antenna elements 1002 may support a
cross-polarized antenna configuration, where each antenna
element 1002 provides two antenna ports having polariza-
tion slants of plus or minus 45 degrees, respectively. The
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total number of antenna ports in the antenna port arrange-
ment 1000 illustrated is 32 antenna ports, where the total
number of antenna ports provided by a base station may be
referred to as ‘N’ antenna ports herein.

In the illustrated embodiment, the base station may con-
figure the UE with which subset the UE is to utilize for
calculating the CSI for the UE. In particular, the UE may be
configured with parameter N1 1008 and parameter N2 1010.
Parameter N1 1008 may indicate a number of the antenna
elements 1002 in a first dimension of the antenna port
arrangement 1000 and parameter N2 1010 may indicate a
number of the antenna elements 1002 in a second dimension.
In other embodiments, the parameter N1 1008 may indicate
a number of antenna ports having a certain polarization in
the first dimension and parameter N2 1010 may indicate a
number of antenna ports having the certain polarization in
the second dimension to be utilized for calculating the CSI.
Accordingly, a total number of antenna ports in the antenna
port arrangement 1000 may be defined as N=P*N1*N2,
where N is the total number of antenna ports and P is the
number of polarizations of the antenna array. For the illus-
trated embodiment, the number of the antenna ports may
defined as N=2*4*4, where N is equal to 32.

The base station may further configure the UE with
parameter K1 1012 and parameter K2 1014. Parameter K1
1012 may indicate a number of the antenna elements 1002
in the first dimension to define a subset of the antenna ports
to be utilized by the UE for calculating the CSI and
parameter K2 1014 may indicate a number of the antenna
elements 1002 in the second dimension to define a subset of
the antenna ports to be utilized for calculating the CSI. In
other embodiments, the parameter K1 1012 may indicate a
number of antenna ports having a certain polarization in the
first dimension to be utilized by the UE for calculating the
CSI and parameter K2 1014 may indicate a number of
antenna ports having the certain polarization in the second
dimension to be utilized for calculating the CSI. Accord-
ingly, the number of antenna ports within the subset may be
defined as K=P*K1*K2, where K is the number of antenna
ports within the subset and P is the number of polarizations
of the antenna array. For the illustrated embodiment, the
number of antenna ports within the subset may be defined as
K=2%*2%2, where K is equal to 8.

For example, the base station may configure the UE with
the parameter N1 1008 with a value of 4 and the parameter
N2 1010 with a value of 4. In particular, the parameter N1
1008 indicates that there are 4 antenna elements 1002 in a
vertical dimension of the antenna array and parameter N2
1010 indicates that there are 4 antenna elements 1002 in a
horizontal dimension of the antenna array. Further, the base
station may configure the UE with the parameter K1 1012
with a value of 2 and the parameter K2 1014 with a value of
2. Accordingly, the base station may configure the UE with
the subset 1016 of the antenna ports to be utilized for
calculating the CSI. Accordingly, the UE may perform
channel estimation based on CSI-RS transmitted on the
antenna ports within the subset 1016 and calculate the CSI
based on the results of the channel estimation.

FIG. 11 illustrates another example antenna port arrange-
ment 1100, according to various embodiments. The antenna
port arrangement 1100 illustrates an arrangement of an
antenna array where a UE (such as UE XS01 (FIG. 14) and
UE XS02 (FIG. 14)) utilizes a subset of antenna ports for
calculating CSI. In particular, a base station (such as RAN
Node XS11 (FIG. 14) and RAN Node XS12 (FIG. 14)) that
communicates with the UE may include one or more
antenna elements 1102. In the illustrated embodiment, the
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base station includes sixteen antenna elements 1102, where
each antenna element 1102 is indicated by an ‘X’ in the
antenna port arrangement 1100. Further, each antenna ele-
ment 1102 may provide two antenna ports, where each
antenna port is indicated by a line in the ‘X’ of the antenna
elements 1102. For example, a first antenna element 1102a
may provide a first antenna port 1104 and a second antenna
port 1106. The antenna elements 1102 may support a cross-
polarized antenna configuration, where each antenna ele-
ment 1102 provides two antenna ports having polarization
slants of plus or minus 45 degrees, respectively. The total
number of antenna ports in the antenna port arrangement
1100 illustrated is 32 antenna ports, where the total number
of antenna ports provided by a base station may be referred
to as ‘N’ antenna ports herein.

In the illustrated embodiment, the base station may con-
figure the UE with which subset the UE is to utilize for
calculating the CSI for the UE. In particular, the UE may be
configured with parameter N1 1108 and parameter N2 1110.
Parameter N1 1108 may indicate a number of the antenna
elements 1102 in a first dimension of the antenna port
arrangement 1100 and parameter N2 1110 may indicate a
number of the antenna elements 1102 in a second dimension.
In other embodiments, the parameter N1 1108 may indicate
a number of antenna ports having a certain polarization in
the first dimension and parameter N2 1110 may indicate a
number of antenna ports having the certain polarization in
the second dimension to be utilized for calculating the CSI.
Accordingly, a total number of antenna ports in the antenna
port arrangement 1100 may be defined as N=P*N1*N2,
where N is the total number of antenna ports and P is the
number of polarizations of the antenna array. For the illus-
trated embodiment, the number of the antenna ports may
defined as N=2*4*4, where N is equal to 32.

The base station may further configure the UE with
parameter K1 1112 and parameter K2 1114. Parameter K1
1112 may indicate a number of the antenna elements 1102 in
the first dimension to define a subset of the antenna ports to
be utilized by the UE for calculating the CSI and parameter
K2 1114 may indicate a number of the antenna elements
1102 in the second dimension to define a subset of the
antenna ports to be utilized for calculating the CSI. In other
embodiments, the parameter K1 1112 may indicate a number
of antenna ports having a certain polarization in the first
dimension to be utilized by the UE for calculating the CSI
and parameter K2 1114 may indicate a number of antenna
ports having the certain polarization in the second dimension
to be utilized for calculating the CSI. Accordingly, the
number of antenna ports within the subset may be defined as
K=P*K1*K2, where K is the number of antenna ports within
the subset and P is the number of polarizations of the antenna
array. For the illustrated embodiment, the number of antenna
ports within the subset may be defined as K=2*4*1, where
K is equal to 8.

For example, the base station may configure the UE with
the parameter N1 1108 with a value of 4 and the parameter
N2 1110 with a value of 4. In particular, the parameter N1
1108 indicates that there are 4 antenna elements 1102 in a
vertical dimension of the antenna array and parameter N2
1110 indicates that there are 4 antenna elements 1102 in a
horizontal dimension of the antenna array. Further, the base
station may configure the UE with the parameter K1 1112
with a value of 4 and the parameter K2 1114 with a value of
1. Accordingly, the base station may configure the UE with
the subset 1116 of the antenna ports to be utilized for
calculating the CSI. Accordingly, the UE may perform
channel estimation based on CSI-RS transmitted on the

15

30

40

45

55

16

antenna ports within the subset 1116 and calculate the CSI
based on the results of the channel estimation.

FIG. 12 illustrates an example procedure 1200 of CSI
calculation, according to various embodiments. In particu-
lar, the procedure 1200 may be performed by a UE, such as
the UE XSO01 and the UE XS02.

In stage 1202, the UE may receive a CSI-RS configuration
including a number of antenna ports N. In particular, the UE
may be configured by a base station for a number of antenna
ports N. In some embodiments, the base station may indicate
a number of antenna elements in each dimension of an
antenna array or a number of antenna ports of a certain
polarization in each dimension of the antenna array.

In stage 1204, the UE may identify an indication of a
number of antenna port configuration K for a codebook. In
particular, the UE may be configured by the base station with
a subset of the antenna ports K to be utilized by the UE for
CSI calculation. In some embodiments, the base station may
indicate a number of elements in each dimension of the
antenna array or a number of antenna ports of a certain
polarization in each dimension of the antenna array. In
embodiments where the subset K is predefined, stage 1204
may include retrieving an indication from a memory of the
UE of the subset of antenna ports K to be utilized for CSI
calculation.

In stage 1206, the UE may measure the channel using the
subset of antenna ports K of the CSI-RS. In particular, the
UE may perform channel estimation with the CSI-RS trans-
mitted on the subset of the antenna ports K.

In stage 1208, the UE may calculate CSI using the
channel measurements on the subset of antenna ports K of
CSI-RS with N antenna ports. In particular, the UE may
calculate the CSI for the UE based on the channel measure-
ments performed in stage 1206. Further, the UE may deter-
mine a codeword from the codebook based on the CSI. The
UE may further transmit a CSI report to the base station that
indicates the calculated CSI. The CSI report may include an
indication of the codeword, where the base station may
utilize the codeword to determine precoding to be transmit-
ted to the UE via a physical downlink shared channel
(PDSCH).

In stage 1210, the UE may perform PDSCH reception
assuming CSI-RS transmission using the subset of antenna
ports K. For example, the UE may identify data on the
PDSCH, where the data is communicated on the subset of
antenna ports K by the base station. The data received may
be precoded based on the codeword transmitted to the base
station by the UE in the CSI report.

FIG. 13 illustrates a subset configuration procedure 1300,
according to various embodiments. In particular, the subset
configuration procedure 1300 may be performed by a base
station, such as the RAN Node XS11 (FIG. 14) and the RAN
Node XS12 (FIG. 14).

In stage 1302, the base station may generate a CSI-RS
configuration. For example, the base station may generate
the CSI-RS configuration for a UE and may configure the
UE with the CSI-RS configuration. The CSI-RS may include
an indication of a number of antenna ports N provided by the
base station. In particular, the antenna ports may be provided
by an antenna array of the base station.

In stage 1304, the base station may generate a message for
transmission to the UE. The message may include a subset
configuration for configuring the UE with a subset of the
antenna ports K to be utilized by the UE for calculating CSI.
In particular, the message may include an indication of the
subset of the antenna ports K to be utilized by the UE for
calculating the CSI. The indication of the subset may include
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an indication of a number of antenna ports in a first dimen-
sion and a number of antenna ports in a second dimension
that define the subset K. In some embodiments, the indica-
tion of the subset may include an indication of a number of
antenna elements in a first dimension and a number of
antenna elements in a second dimension that defined the
subset K. The base station may utilize the message to
configure the UE with the subset.

In stage 1306, the base station may generate a CSI-RS.
The base station may transmit the CSI-RS to the UE on the
subset of the antenna ports K. The UE may utilize the
CSI-RS for calculating the CSI.

In stage 1308, the base station may identify CSI received
from the UE. The CSI may include a PMI, which may be
identified by the base station. The base station may deter-
mine precoding to be performed for the UE based on the
PMI.

In stage 1310, the base station may apply the precoding to
transmissions to be provided to the UE by the base station.
For example, the base station may apply the precoding
determined in stage 1308 to data to be transmitted to the UE
via the PDSCH. The precoded data may be transmitted by
the base station on the subset of antenna ports K to the UE.

FIG. 14 illustrates an architecture of a system XS00 of a
network in accordance with some embodiments. The system
XS00 is shown to include a user equipment (UE) XS01 and
a UE XS02. The UEs XS01 and XS02 are illustrated as
smartphones (e.g., handheld touchscreen mobile computing
devices connectable to one or more cellular networks), but
may also comprise any mobile or non-mobile computing
device, such as Personal Data Assistants (PDAs), pagers,
laptop computers, desktop computers, wireless handsets, or
any computing device including a wireless communications
interface.

In some embodiments, any of the UEs XS01 and XS02
can comprise an Internet of Things (IoT) UE, which can
comprise a network access layer designed for low-power
IoT applications utilizing short-lived UE connections. An
IoT UE can utilize technologies such as machine-to-machine
(M2M) or machine-type communications (MTC) for
exchanging data with an MTC server or device via a public
land mobile network (PLMN), Proximity-Based Service
(ProSe) or device-to-device (D2D) communication, sensor
networks, or loT networks. The M2M or MTC exchange of
data may be a machine-initiated exchange of data. An loT
network describes interconnecting IoT UEs, which may
include uniquely identifiable embedded computing devices
(within the Internet infrastructure), with short-lived connec-
tions. The IoT UEs may execute background applications
(e.g., keep-alive messages, status updates, etc.) to facilitate
the connections of the IoT network.

The UEs XS01 and XS02 may be configured to connect,
e.g., communicatively couple, with a radio access network
(RAN) XS10—the RAN XS10 may be, for example, an
Evolved Universal Mobile Telecommunications System
(UMTS) Terrestrial Radio Access Network (E-UTRAN), a
NextGen RAN (NG RAN), or some other type of RAN. The
UEs XS01 and XS02 utilize connections XS03 and XS04,
respectively, each of which comprises a physical commu-
nications interface or layer (discussed in further detail
below); in this example, the connections XS03 and XS04 are
illustrated as an air interface to enable communicative
coupling, and can be consistent with cellular communica-
tions protocols, such as a Global System for Mobile Com-
munications (GSM) protocol, a code-division multiple
access (CDMA) network protocol, a Push-to-Talk (PTT)
protocol, a PTT over Cellular (POC) protocol, a Universal
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Mobile Telecommunications System (UMTS) protocol, a
3GPP Long Term Evolution (LTE) protocol, a fifth genera-
tion (5G) protocol, a New Radio (NR) protocol, and the like.

In this embodiment, the UEs XS01 and XS02 may further
directly exchange communication data via a ProSe interface
XS05. The ProSe interface XS05 may alternatively be
referred to as a sidelink interface comprising one or more
logical channels, including but not limited to a Physical
Sidelink Control Channel (PSCCH), a Physical Sidelink
Shared Channel (PSSCH), a Physical Sidelink Discovery
Channel (PSDCH), and a Physical Sidelink Broadcast Chan-
nel (PSBCH).

The UE XS02 is shown to be configured to access an
access point (AP) XS06 via connection XS07. The connec-
tion XS07 can comprise a local wireless connection, such as
a connection consistent with any IEEE 802.11 protocol,
wherein the AP XS06 would comprise a wireless fidelity
(WiFi®) router. In this example, the AP XS06 is shown to
be connected to the Internet without connecting to the core
network of the wireless system (described in further detail
below).

The RAN XS10 can include one or more access nodes that
enable the connections XS03 and XS04. These access nodes
(ANs) can be referred to as base stations (BSs), NodeBs,
evolved NodeBs (eNBs), next Generation NodeBs (gNB),
RAN nodes, and so forth, and can comprise ground stations
(e.g., terrestrial access points) or satellite stations providing
coverage within a geographic area (e.g., a cell). The RAN
XSIO may include one or more RAN nodes for providing
macrocells, e.g., macro RAN node XS11, and one or more
RAN nodes for providing femtocells or picocells (e.g., cells
having smaller coverage areas, smaller user capacity, or
higher bandwidth compared to macrocells), e.g., low power
(LP) RAN node XS12.

Any of the RAN nodes XS11 and XS12 can terminate the
air interface protocol and can be the first point of contact for
the UEs XS01 and XS02. In some embodiments, any of the
RAN nodes XS11 and XS12 can fulfill various logical
functions for the RAN XS10 including, but not limited to,
radio network controller (RNC) functions such as radio
bearer management, uplink and downlink dynamic radio
resource management and data packet scheduling, and
mobility management.

In accordance with some embodiments, the UEs XS01
and X802 can be configured to communicate using Orthogo-
nal Frequency-Division Multiplexing (OFDM) communica-
tion signals with each other or with any of the RAN nodes
X811 and XS12 over a multicarrier communication channel
in accordance with various communication techniques, such
as, but not limited to, an Orthogonal Frequency-Division
Multiple Access (OFDMA) communication technique (e.g.,
for downlink communications) or a Single Carrier Fre-
quency Division Multiple Access (SC-FDMA) communica-
tion technique (e.g., for uplink and ProSe or sidelink com-
munications), although the scope of the embodiments is not
limited in this respect. The OFDM signals can comprise a
plurality of orthogonal subcarriers.

In some embodiments, a downlink resource grid can be
used for downlink transmissions from any of the RAN nodes
XS11 and XS12 to the UEs XS01 and XS02, while uplink
transmissions can utilize similar techniques. The grid can be
a time-frequency grid, called a resource grid or time-fre-
quency resource grid, which is the physical resource in the
downlink in each slot. Such a time-frequency plane repre-
sentation is a common practice for OFDM systems, which
makes it intuitive for radio resource allocation. Each column
and each row of the resource grid corresponds to one OFDM
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symbol and one OFDM subcarrier, respectively. The dura-
tion of the resource grid in the time domain corresponds to
one slot in a radio frame. The smallest time-frequency unit
in a resource grid is denoted as a resource element. Each
resource grid comprises a number of resource blocks, which
describe the mapping of certain physical channels to
resource elements. Each resource block comprises a collec-
tion of resource elements; in the frequency domain, this may
represent the smallest quantity of resources that currently
can be allocated. There are several different physical down-
link channels that are conveyed using such resource blocks.

The physical downlink shared channel (PDSCH) may
carry user data and higher-layer signaling to the UEs XS01
and XS02. The physical downlink control channel (PDCCH)
may carry information about the transport format and
resource allocations related to the PDSCH channel, among
other things. It may also inform the UEs XS01 and XS02
about the transport format, resource allocation, and H-ARQ
(Hybrid Automatic Repeat Request) information related to
the uplink shared channel. Typically, downlink scheduling
(assigning control and shared channel resource blocks to the
UE XS01 and XS02 within a cell) may be performed at any
of'the RAN nodes XS11 and XS12 based on channel quality
information fed back from any of the UEs XS01 and XS02.
The downlink resource assignment information may be sent
on the PDCCH used for (e.g., assigned to) each of the UEs
XS01 and XS02.

The PDCCH may use control channel elements (CCEs) to
convey the control information. Before being mapped to
resource elements, the PDCCH complex-valued symbols
may first be organized into quadruplets, which may then be
permuted using a sub-block interleaver for rate matching.
Each PDCCH may be transmitted using one or more of these
CCEs, where each CCE may correspond to nine sets of four
physical resource elements known as resource element
groups (REGs). Four Quadrature Phase Shift Keying
(QPSK) symbols may be mapped to each REG. The PDCCH
can be transmitted using one or more CCEs, depending on
the size of the downlink control information (DCI) and the
channel condition. There can be four or more different
PDCCH formats defined in LTE with different numbers of
CCEs (e.g., aggregation level, =1, 2, 4, or 8).

Some embodiments may use concepts for resource allo-
cation for control channel information that are an extension
of the above-described concepts. For example, some
embodiments may utilize an enhanced physical downlink
control channel (EPDCCH) that uses PDSCH resources for
control information transmission. The EPDCCH may be
transmitted using one or more enhanced control channel
elements (ECCEs). Similar to above, each ECCE may
correspond to nine sets of four physical resource elements
known as enhanced resource element groups (EREGs). An
ECCE may have other numbers of EREGs in some situa-
tions.

The RAN XS10 is shown to be communicatively coupled
to a core network (CN) XS20—via an S1 interface XS13. In
embodiments, the CN XS20 may be an evolved packet core
(EPC) network, a NextGen Packet Core (NPC) network, or
some other type of CN. In this embodiment the S1 interface
XS13 is split into two parts: the S1-U interface XS14, which
carries traffic data between the RAN nodes XS11 and XS12
and the serving gateway (S-GW) XS22, and the SI-mobility
management entity (MME) interface XS15, which is a
signaling interface between the RAN nodes XS11 and XS12
and MMEs XS21.

In this embodiment, the CN XS20 comprises the MMEs
XS21, the S-GW X822, the Packet Data Network (PDN)
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Gateway (P-GW) X823, and a home subscriber server
(HSS) XS24. The MMEs XS21 may be similar in function
to the control plane of legacy Serving General Packet Radio
Service (GPRS) Support Nodes (SGSN). The MMEs XS21
may manage mobility aspects in access such as gateway
selection and tracking area list management. The HSS XS24
may comprise a database for network users, including sub-
scription-related information to support the network entities’
handling of communication sessions. The CN XS20 may
comprise one or several HSSs XS24, depending on the
number of mobile subscribers, on the capacity of the equip-
ment, on the organization of the network, etc. For example,
the HSS XS24 can provide support for routing/roaming,
authentication, authorization, naming/addressing resolution,
location dependencies, etc.

The S-GW XS22 may terminate the S1 interface XS13
towards the RAN XS10, and routes data packets between the
RAN XS10 and the CN XS20. In addition, the S-GW XS22
may be a local mobility anchor point for inter-RAN node
handovers and also may provide an anchor for inter-3GPP
mobility. Other responsibilities may include lawful inter-
cept, charging, and some policy enforcement.

The P-GW XS23 may terminate an SGi interface toward
a PDN. The P-GW XS23 may route data packets between
the EPC network XS23 and external networks such as a
network including the application server XS30 (alternatively
referred to as application function (AF)) via an Internet
Protocol (IP) interface XS25. Generally, the application
server XS30 may be an element offering applications that
use IP bearer resources with the core network (e.g., UMTS
Packet Services (PS) domain, LTE PS data services, etc.). In
this embodiment, the P-GW XS23 is shown to be commu-
nicatively coupled to an application server XS30 via an IP
communications interface XS25. The application server
XS30 can also be configured to support one or more com-
munication services (e.g., Voice-over-Internet Protocol
(VoIP) sessions, PTT sessions, group communication ses-
sions, social networking services, etc.) for the UEs XS01
and XS02 via the CN XS20.

The P-GW XS23 may further be a node for policy
enforcement and charging data collection. Policy and Charg-
ing Enforcement Function (PCRF) XS26 is the policy and
charging control element of the CN XS20. In a non-roaming
scenario, there may be a single PCRF in the Home Public
Land Mobile Network (HPLMN) associated with a UE’s
Internet Protocol Connectivity Access Network (IP-CAN)
session. In a roaming scenario with local breakout of traffic,
there may be two PCRFs associated with a UE’s IP-CAN
session: a Home PCRF (H-PCRF) within an HPLMN and a
Visited PCRF (V-PCRF) within a Visited Public Land
Mobile Network (VPLMN). The PCRF XS26 may be com-
municatively coupled to the application server XS30 via the
P-GW X823. The application server XS30 may signal the
PCRF X826 to indicate a new service flow and select the
appropriate Quality of Service (QoS) and charging param-
eters. The PCRF X826 may provision this rule into a Policy
and Charging Enforcement Function (PCEF) (not shown)
with the appropriate traffic flow template (TFT) and QoS
class of identifier (QCI), which commences the QoS and
charging as specified by the application server XS30.

FIG. 15 illustrates example components of a device XT00
in accordance with some embodiments. In some embodi-
ments, the device XT00 may include application circuitry
XT02, baseband circuitry XT04, Radio Frequency (RF)
circuitry XT06, front-end module (FEM) circuitry XT08,
one or more antennas XT10, and power management cir-
cuitry (PMC) XT12 coupled together at least as shown. The
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components of the illustrated device XT00 may be included
in a UE or a RAN node. In some embodiments, the device
XTO00 may include less elements (e.g., a RAN node may not
utilize application circuitry XT02, and instead include a
processor/controller to process IP data received from an
EPC). In some embodiments, the device XT00 may include
additional elements such as, for example, memory/storage,
display, camera, sensor, or input/output (I/O) interface. In
other embodiments, the components described below may
be included in more than one device (e.g., said circuitries
may be separately included in more than one device for
Cloud-RAN (C-RAN) implementations).

The application circuitry XT02 may include one or more
application processors. For example, the application cir-
cuitry XT02 may include circuitry such as, but not limited
to, one or more single-core or multi-core processors. The
processor(s) may include any combination of general-pur-
pose processors and dedicated processors (e.g., graphics
processors, application processors, etc.). The processors
may be coupled with or may include memory/storage and
may be configured to execute instructions stored in the
memory/storage to enable various applications or operating
systems to run on the device XT00. In some embodiments,
processors of application circuitry XT02 may process IP
data packets received from an EPC.

The baseband circuitry XT04 may include circuitry such
as, but not limited to, one or more single-core or multi-core
processors. The baseband circuitry XT04 may include one or
more baseband processors or control logic to process base-
band signals received from a receive signal path of the RF
circuitry XT06 and to generate baseband signals for a
transmit signal path of the RF circuitry XT06. Baseband
processing circuitry XT04 may interface with the applica-
tion circuitry XTO02 for generation and processing of the
baseband signals and for controlling operations of the RF
circuitry XT06. For example, in some embodiments, the
baseband circuitry XT04 may include a third generation
(3G) baseband processor XT04A, a fourth generation (4G)
baseband processor XT04B, a fifth generation (5G) base-
band processor XTO04C, or other baseband processor(s)
XTO04D for other existing generations, generations in devel-
opment or to be developed in the future (e.g., second
generation (2G), sixth generation (6G), etc.). The baseband
circuitry XT04 (e.g., one or more of baseband processors
XTO04A-D) may handle various radio control functions that
enable communication with one or more radio networks via
the RF circuitry XTO06. In other embodiments, some or all of
the functionality of baseband processors XTO4A-D may be
included in modules stored in the memory XT04G and
executed via a Central Processing Unit (CPU) XTO4E. The
radio control functions may include, but are not limited to,
signal modulation/demodulation, encoding/decoding, radio
frequency shifting, etc. In some embodiments, modulation/
demodulation circuitry of the baseband circuitry XT04 may
include Fast-Fourier Transform (FFT), precoding, or con-
stellation mapping/demapping functionality. In some
embodiments, encoding/decoding circuitry of the baseband
circuitry XT04 may include convolution, tail-biting convo-
Iution, turbo, Viterbi, or Low Density Parity Check (LDPC)
encoder/decoder functionality. Embodiments of modulation/
demodulation and encoder/decoder functionality are not
limited to these examples and may include other suitable
functionality in other embodiments.

In some embodiments, the baseband circuitry XT04 may
include one or more audio digital signal processor(s) (DSP)
XTOA4F. The audio DSP(s) XTO4F may include elements for
compression/decompression and echo cancellation and may
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include other suitable processing elements in other embodi-
ments. Components of the baseband circuitry XT04 may be
suitably combined in a single chip, a single chipset, or
disposed on a same circuit board in some embodiments. In
some embodiments, some or all of the constituent compo-
nents of the baseband circuitry XT04 and the application
circuitry XT02 may be implemented together such as, for
example, on a system on a chip (SOC).

In some embodiments, the baseband circuitry XT04 may
provide for communication compatible with one or more
radio technologies. For example, in some embodiments, the
baseband circuitry XT04 may support communication with
an evolved universal terrestrial radio access network (EU-
TRAN) or other wireless metropolitan area networks
(WMAN), a wireless local area network (WLAN), a wire-
less personal area network (WPAN). Embodiments in which
the baseband circuitry XT04 is configured to support radio
communications of more than one wireless protocol may be
referred to as multi-mode baseband circuitry.

RF circuitry XT06 may enable communication with wire-
less networks using modulated electromagnetic radiation
through a non-solid medium. In various embodiments, the
RF circuitry XT06 may include switches, filters, amplifiers,
etc. to facilitate the communication with the wireless net-
work. RF circuitry XT06 may include a receive signal path
which may include circuitry to down-convert RF signals
received from the FEM circuitry XTO8 and provide base-
band signals to the baseband circuitry XT04. RF circuitry
XT06 may also include a transmit signal path which may
include circuitry to up-convert baseband signals provided by
the baseband circuitry XT04 and provide RF output signals
to the FEM circuitry XTO8 for transmission.

In some embodiments, the receive signal path of the RF
circuitry XT06 may include mixer circuitry XT06a, ampli-
fier circuitry XTO06b and filter circuitry XTO06¢. In some
embodiments, the transmit signal path of the RF circuitry
XTO06 may include filter circuitry XT06c and mixer circuitry
XTO06a. RF circuitry XT06 may also include synthesizer
circuitry XT06d for synthesizing a frequency for use by the
mixer circuitry XT06a of the receive signal path and the
transmit signal path. In some embodiments, the mixer cir-
cuitry XTO06a of the receive signal path may be configured
to down-convert RF signals received from the FEM circuitry
XTO8 based on the synthesized frequency provided by
synthesizer circuitry XT06d. The amplifier circuitry XTO6b
may be configured to amplity the down-converted signals
and the filter circuitry XTO06¢c may be a low-pass filter (LPF)
or band-pass filter (BPF) configured to remove unwanted
signals from the down-converted signals to generate output
baseband signals. Output baseband signals may be provided
to the baseband circuitry XT04 for further processing. In
some embodiments, the output baseband signals may be
zero-frequency baseband signals, although this is not a
requirement. In some embodiments, mixer circuitry XT06a
of the receive signal path may comprise passive mixers,
although the scope of the embodiments is not limited in this
respect.

In some embodiments, the mixer circuitry XT06a of the
transmit signal path may be configured to up-convert input
baseband signals based on the synthesized frequency pro-
vided by the synthesizer circuitry XT06d to generate RF
output signals for the FEM circuitry XTO08. The baseband
signals may be provided by the baseband circuitry XT04 and
may be filtered by filter circuitry XTO06c.

In some embodiments, the mixer circuitry XT06a of the
receive signal path and the mixer circuitry XT06a of the
transmit signal path may include two or more mixers and
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may be arranged for quadrature downconversion and upcon-
version, respectively. In some embodiments, the mixer cir-
cuitry XTO06a of the receive signal path and the mixer
circuitry XTO6a of the transmit signal path may include two
or more mixers and may be arranged for image rejection
(e.g., Hartley image rejection). In some embodiments, the
mixer circuitry XT06a of the receive signal path and the
mixer circuitry XT06a of the transmit signal path may be
arranged for direct downconversion and direct upconver-
sion, respectively. In some embodiments, the mixer circuitry
XTO06a of the receive signal path and the mixer circuitry
XTO06a of the transmit signal path may be configured for
super-heterodyne operation.

In some embodiments, the output baseband signals and
the input baseband signals may be analog baseband signals,
although the scope of the embodiments is not limited in this
respect. In some alternate embodiments, the output baseband
signals and the input baseband signals may be digital
baseband signals. In these alternate embodiments, the RF
circuitry XT06 may include analog-to-digital converter
(ADC) and digital-to-analog converter (DAC) circuitry and
the baseband circuitry XT04 may include a digital baseband
interface to communicate with the RF circuitry XT06.

In some dual-mode embodiments, a separate radio IC
circuitry may be provided for processing signals for each
spectrum, although the scope of the embodiments is not
limited in this respect.

In some embodiments, the synthesizer circuitry XT06d
may be a fractional-N synthesizer or a fractional N/N+1
synthesizer, although the scope of the embodiments is not
limited in this respect as other types of frequency synthe-
sizers may be suitable. For example, synthesizer circuitry
XT06d may be a delta-sigma synthesizer, a frequency mul-
tiplier, or a synthesizer comprising a phase-locked loop with
a frequency divider.

The synthesizer circuitry XT06d may be configured to
synthesize an output frequency for use by the mixer circuitry
XTO06a of the RF circuitry XT06 based on a frequency input
and a divider control input. In some embodiments, the
synthesizer circuitry XT06d may be a fractional N/N+1
synthesizer.

In some embodiments, frequency input may be provided
by a voltage controlled oscillator (VCO), although that is not
a requirement. Divider control input may be provided by
either the baseband circuitry XT04 or the applications
processor XT02 depending on the desired output frequency.
In some embodiments, a divider control input (e.g., N) may
be determined from a look-up table based on a channel
indicated by the applications processor XT02.

Synthesizer circuitry XT06d of the RF circuitry XT06
may include a divider, a delay-locked loop (DLL), a mul-
tiplexer and a phase accumulator. In some embodiments, the
divider may be a dual modulus divider (DMD) and the phase
accumulator may be a digital phase accumulator (DPA). In
some embodiments, the DMD may be configured to divide
the input signal by either N or N+1 (e.g., based on a carry
out) to provide a fractional division ratio. In some example
embodiments, the DLL may include a set of cascaded,
tunable, delay elements, a phase detector, a charge pump and
a D-type flip-flop. In these embodiments, the delay elements
may be configured to break a VCO period up into Nd equal
packets of phase, where Nd is the number of delay elements
in the delay line. In this way, the DLL provides negative
feedback to help ensure that the total delay through the delay
line is one VCO cycle.

In some embodiments, synthesizer circuitry XT06d may
be configured to generate a carrier frequency as the output
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frequency, while in other embodiments, the output fre-
quency may be a multiple of the carrier frequency (e.g.,
twice the carrier frequency, four times the carrier frequency)
and used in conjunction with quadrature generator and
divider circuitry to generate multiple signals at the carrier
frequency with multiple different phases with respect to each
other. In some embodiments, the output frequency may be a
LO frequency (fLO). In some embodiments, the RF circuitry
XT06 may include an IQ/polar converter.

FEM circuitry XT08 may include a receive signal path
which may include circuitry configured to operate on RF
signals received from one or more antennas XT10, amplify
the received signals and provide the amplified versions of
the received signals to the RF circuitry XT06 for further
processing. FEM circuitry XT08 may also include a transmit
signal path which may include circuitry configured to
amplify signals for transmission provided by the RF cir-
cuitry XTO06 for transmission by one or more of the one or
more antennas XT10. In various embodiments, the ampli-
fication through the transmit or receive signal paths may be
done solely in the RF circuitry XT06, solely in the FEM
XTO08, or in both the RF circuitry XT06 and the FEM XTOS.

In some embodiments, the FEM circuitry XTO08 may
include a TX/RX switch to switch between transmit mode
and receive mode operation. The FEM circuitry may include
a receive signal path and a transmit signal path. The receive
signal path of the FEM circuitry XT08 may include an LNA
to amplify received RF signals and provide the amplified
received RF signals as an output (e.g., to the RF circuitry
XT06). The transmit signal path of the FEM circuitry XT08
may include a power amplifier (PA) to amplify input RF
signals (e.g., provided by RF circuitry XT06), and one or
more filters to generate RF signals for subsequent transmis-
sion (e.g., by one or more of the one or more antennas
XT10).

In some embodiments, the PMC XT12 may manage
power provided to the baseband circuitry XTO04. In particu-
lar, the PMC XT12 may control power-source selection,
voltage scaling, battery charging, or DC-to-DC conversion.
The PMC XT12 may often be included when the device
XTO00 is capable of being powered by a battery, for example,
when the device is included in a UE. The PMC XT12 may
increase the power conversion efficiency while providing
desirable implementation size and heat dissipation charac-
teristics.

FIG. 15 shows the PMC XT12 coupled only with the
baseband circuitry XT04. However, in other embodiments,
the PMC XT12 may be additionally or alternatively coupled
with, and perform similar power management operations
for, other components such as, but not limited to, application
circuitry XT02, RF circuitry XT06, or FEM XTO08.

In some embodiments, the PMC XT12 may control, or
otherwise be part of, various power saving mechanisms of
the device XT00. For example, if the device XTOO is in an
RRC_Connected state, where it is still connected to the RAN
node as it expects to receive traffic shortly, then it may enter
a state known as Discontinuous Reception Mode (DRX)
after a period of inactivity. During this state, the device
XTO00 may power down for brief intervals of time and thus
save power.

If there is no data traffic activity for an extended period of
time, then the device XTO0 may transition off to an
RRC_Idle state, where it disconnects from the network and
does not perform operations such as channel quality feed-
back, handover, etc. The device XT00 goes into a very low
power state and it performs paging where again it periodi-
cally wakes up to listen to the network and then powers
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down again. The device XT00 may not receive data in this
state, in order to receive data, it must transition back to
RRC_Connected state.

An additional power saving mode may allow a device to
be unavailable to the network for periods longer than a
paging interval (ranging from seconds to a few hours).
During this time, the device is totally unreachable to the
network and may power down completely. Any data sent
during this time incurs a large delay and it is assumed the
delay is acceptable.

Processors of the application circuitry XT02 and proces-
sors of the baseband circuitry XT04 may be used to execute
elements of one or more instances of a protocol stack. For
example, processors of the baseband circuitry XT04, alone
or in combination, may be used to execute Layer 3, Layer 2,
or Layer 1 functionality, while processors of the application
circuitry XT02 may utilize data (e.g., packet data) received
from these layers and further execute Layer 4 functionality
(e.g., transmission communication protocol (TCP) and user
datagram protocol (UDP) layers). As referred to herein,
Layer 3 may comprise a radio resource control (RRC) layer,
described in further detail below. As referred to herein,
Layer 2 may comprise a medium access control (MAC)
layer, a radio link control (RLC) layer, and a packet data
convergence protocol (PDCP) layer, described in further
detail below. As referred to herein, Layer 1 may comprise a
physical (PHY) layer of a UE/RAN node, described in
further detail below.

FIG. 16 illustrates example interfaces of baseband cir-
cuitry in accordance with some embodiments. As discussed
above, the baseband circuitry XT04 of FIG. 15 may com-
prise processors XT04A-XTO4E and a memory XT04G
utilized by said processors. Each of the processors XT04A-
XTO4E may include a memory interface, XU04A-XUO4E,
respectively, to send/receive data to/from the memory
XTO04G.

The baseband circuitry XT04 may further include one or
more interfaces to communicatively couple to other circuit-
ries/devices, such as a memory interface XU12 (e.g., an
interface to send/receive data to/from memory external to
the baseband circuitry XT04), an application circuitry inter-
face XU14 (e.g., an interface to send/receive data to/from
the application circuitry XT02 of FIG. 15), an RF circuitry
interface XU16 (e.g., an interface to send/receive data
to/from RF circuitry XTO06 of FIG. 15), a wireless hardware
connectivity interface XU18 (e.g., an interface to send/
receive data to/from Near Field Communication (NFC)
components, Bluetooth® components (e.g., Bluetooth®
Low Energy), Wi-Fi® components, and other communica-
tion components), and a power management interface XU20
(e.g., an interface to send/receive power or control signals
to/from the PMC XT12).

FIG. 17 is an illustration of a control plane protocol stack
in accordance with some embodiments. In this embodiment,
a control plane XV0O0 is shown as a communications pro-
tocol stack between the UE XS01 (or alternatively, the UE
XS02), the RAN node XS11 (or alternatively, the RAN node
XS12), and the MME XS21.

The PHY layer XVO01 may transmit or receive information
used by the MAC layer XV02 over one or more air inter-
faces. The PHY layer XVO01 may further perform link
adaptation or adaptive modulation and coding (AMC),
power control, cell search (e.g., for initial synchronization
and handover purposes), and other measurements used by
higher layers, such as the RRC layer XVO05. The PHY layer
XVO01 may still further perform error detection on the
transport channels, forward error correction (FEC) coding/
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decoding of the transport channels, modulation/demodula-
tion of physical channels, interleaving, rate matching, map-
ping onto physical channels, and Multiple Input Multiple
Output (MIMO) antenna processing.

The MAC layer XV02 may perform mapping between
logical channels and transport channels, multiplexing of
MAC service data units (SDUs) from one or more logical
channels onto transport blocks (TB) to be delivered to PHY
via transport channels, de-multiplexing MAC SDUs to one
or more logical channels from transport blocks (TB) deliv-
ered from the PHY via transport channels, multiplexing
MAC SDUs onto TBs, scheduling information reporting,
error correction through hybrid automatic repeat request
(HARQ), and logical channel prioritization.

The RLC layer XV03 may operate in a plurality of modes
of operation, including: Transparent Mode (TM), Unac-
knowledged Mode (UM), and Acknowledged Mode (AM).
The RLC layer XV03 may execute transfer of upper layer
protocol data units (PDUs), error correction through auto-
matic repeat request (ARQ) for AM data transfers, and
concatenation, segmentation and reassembly of RLC SDUs
for UM and AM data transfers. The RLC layer XV03 may
also execute re-segmentation of RLLC data PDUs for AM
data transfers, reorder RLC data PDUs for UM and AM data
transfers, detect duplicate data for UM and AM data trans-
fers, discard RLC SDUs for UM and AM data transfers,
detect protocol errors for AM data transfers, and perform
RLC re-establishment.

The PDCP layer XV04 may execute header compression
and decompression of IP data, maintain PDCP Sequence
Numbers (SNs), perform in-sequence delivery of upper
layer PDUs at re-establishment of lower layers, eliminate
duplicates of lower layer SDUs at re-establishment of lower
layers for radio bearers mapped on RLC AM, cipher and
decipher control plane data, perform integrity protection and
integrity verification of control plane data, control timer-
based discard of data, and perform security operations (e.g.,
ciphering, deciphering, integrity protection, integrity verifi-
cation, etc.).

The main services and functions of the RRC layer XV05
may include broadcast of system information (e.g., included
in Master Information Blocks (MIBs) or System Information
Blocks (SIBs) related to the non-access stratum (NAS)),
broadcast of system information related to the access stra-
tum (AS), paging, establishment, maintenance and release of
an RRC connection between the DE and E-UTRAN (e.g.,
RRC connection paging, RRC connection establishment,
RRC connection modification, and RRC connection
release), establishment, configuration, maintenance and
release of point to point Radio Bearers, security functions
including key management, inter radio access technology
(RAT) mobility, and measurement configuration for UE
measurement reporting. Said MIBs and SIBs may comprise
one or more information elements (IEs), which may each
comprise individual data fields or data structures. In some
embodiments, the RRC layer may provide the UEs XS01
and XS02 with configurations for the antenna ports N for
CSI-RS signal(s) and antenna ports K for codebook(s)
according to the various embodiments discussed herein.

The UE XS01 and the RAN node XS11 may utilize a Uu
interface (e.g., an LTE-Uu interface) to exchange control
plane data via a protocol stack comprising the PHY layer
XV01, the MAC layer XV02, the RLC layer XV03, the
PDCP layer XV04, and the RRC layer XVO05.

The non-access stratum (NAS) protocols XV06 form the
highest stratum of the control plane between the UE XS01
and the MME XS21. The NAS protocols XV06 support the
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mobility of the UE XSO01 and the session management
procedures to establish and maintain IP connectivity
between the UE XS01 and the P-GW XS23.

The S1 Application Protocol (S1-AP) layer XV15 may
support the functions of the S1 interface and comprise
Elementary Procedures (EPs). An EP is a unit of interaction
between the RAN node XS11 and the CN XS20. The S1-AP
layer services may comprise two groups: UE-associated
services and non UE-associated services. These services
perform functions including, but not limited to: E-UTRAN
Radio Access Bearer (E-RAB) management, UE capability
indication, mobility, NAS signaling transport, RAN Infor-
mation Management (RIM), and configuration transfer.

The Stream Control Transmission Protocol (SCTP) layer
(alternatively referred to as the SCTP/IP layer) XV14 may
ensure reliable delivery of signaling messages between the
RAN node XS11 and the MME XS21 based, in part, on the
IP protocol, supported by the IP layer XV13. The L2 layer
XV12 and the LI layer XV11 may refer to communication
links (e.g., wired or wireless) used by the RAN node and the
MME to exchange information.

The RAN node XS11 and the MME XS21 may utilize an
S1-MME interface to exchange control plane data via a
protocol stack comprising the L1 layer XV11, the L2 layer
XV12, the IP layer XV13, the SCTP layer XV14, and the
SI-AP layer XV15.

FIG. 18 is an illustration of a user plane protocol stack in
accordance with some embodiments. In this embodiment, a
user plane XWO0O is shown as a communications protocol
stack between the UE XS01 (or alternatively, the UE XS02),
the RAN node XS11 (or alternatively, the RAN node XS12),
the S-GW XS22, and the P-GW XS23. The user plane
XWO00 may utilize at least some of the same protocol layers
as the control plane XV00. For example, the UE XS01 and
the RAN node XS11 may utilize a Uu interface (e.g., an
LTE-Uu interface) to exchange user plane data via a protocol
stack comprising the PHY layer XVO01, the MAC layer
XV02, the RLC layer XV03, the PDCP layer XV04.

The General Packet Radio Service (GPRS) Tunneling
Protocol for the user plane (GTP-U) layer XW04 may be
used for carrying user data within the GPRS core network
and between the radio access network and the core network.
The user data transported can be packets in any of IPv4,
1Pv6, or PPP formats, for example. The UDP and IP security
(UDP/IP) layer XW03 may provide checksums for data
integrity, port numbers for addressing different functions at
the source and destination, and encryption and authentica-
tion on the selected data flows. The RAN node XS11 and the
S-GW XS22 may utilize an S1-U interface to exchange user
plane data via a protocol stack comprising the L1 layer
XV11, the L.2 layer XV12, the UDP/IP layer XW03, and the
GTP-U layer XW04. The S-GW XS22 and the P-GW XS23
may utilize an S5/S8a interface to exchange user plane data
via a protocol stack comprising the [.1 layer XV11, the 1.2
layer XV12, the UDP/IP layer XWO03, and the GTP-U layer
XWO04. As discussed above with respect to FIG. 17, NAS
protocols support the mobility of the UE XS01 and the
session management procedures to establish and maintain IP
connectivity between the UE XS01 and the P-GW XS23.

FIG. 19 illustrates components of a core network in
accordance with some embodiments. The components of the
CN X820 may be implemented in one physical node or
separate physical nodes including components to read and
execute instructions from a machine-readable or computer-
readable medium (e.g., a non-transitory machine-readable
storage medium). In some embodiments, Network Functions
Virtualization (NFV) is utilized to virtualize any or all of the
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above described network node functions via executable
instructions stored in one or more computer readable storage
mediums (described in further detail below). A logical
instantiation of the CN XS20 may be referred to as a
network slice XX01. A logical instantiation of a portion of
the CN X820 may be referred to as a network sub-slice
XX02 (e.g., the network sub-slice XX02 is shown to include
the PGW X823 and the PCRF XS26).

NFV architectures and infrastructures may be used to
virtualize one or more network functions, alternatively per-
formed by proprietary hardware, onto physical resources
comprising a combination of industry-standard server hard-
ware, storage hardware, or switches. In other words, NFV
systems can be used to execute virtual or reconfigurable
implementations of one or more EPC components/functions.

FIG. 20 is a block diagram illustrating components,
according to some example embodiments, able to read
instructions from a machine-readable or computer-readable
medium (e.g., a non-transitory machine-readable storage
medium) and perform any one or more of the methodologies
discussed herein. Specifically, FIG. 20 shows a diagram-
matic representation of hardware resources XZ00 including
one or more processors (or processor cores) X710, one or
more memory/storage devices X720, and one or more
communication resources X730, each of which may be
communicatively coupled via a bus XZ40. For embodiments
where node virtualization (e.g., NFV) is utilized, a hyper-
visor X702 may be executed to provide an execution
environment for one or more network slices/sub-slices to
utilize the hardware resources XZ00.

The processors XZ10 (e.g., a central processing unit
(CPU), a reduced instruction set computing (RISC) proces-
sor, a complex instruction set computing (CISC) processor,
a graphics processing unit (GPU), a digital signal processor
(DSP) such as a baseband processor, an application specific
integrated circuit (ASIC), a radio-frequency integrated cir-
cuit (RFIC), another processor, or any suitable combination
thereof) may include, for example, a processor XZ12 and a
processor XZ.14.

The memory/storage devices X720 may include main
memory, disk storage, or any suitable combination thereof.
The memory/storage devices X720 may include, but are not
limited to any type of volatile or non-volatile memory such
as dynamic random access memory (DRAM), static ran-
dom-access memory (SRAM), erasable programmable read-
only memory (EPROM), electrically erasable program-
mable read-only memory (EEPROM), Flash memory, solid-
state storage, etc.

The communication resources X730 may include inter-
connection or network interface components or other suit-
able devices to communicate with one or more peripheral
devices XZ04 or one or more databases XZ06 via a network
XZ08. For example, the communication resources X730
may include wired communication components (e.g., for
coupling via a Universal Serial Bus (USB)), cellular com-
munication components, NFC components, Bluetooth®
components (e.g., Bluetooth® Low Energy), Wi-Fi® com-
ponents, and other communication components.

Instructions X750 may comprise software, a program, an
application, an applet, an app, or other executable code for
causing at least any of the processors X710 to perform any
one or more of the methodologies discussed herein. The
instructions X750 may reside, completely or partially,
within at least one of the processors X710 (e.g., within the
processor’s cache memory), the memory/storage devices
X720, or any suitable combination thereof. Furthermore,
any portion of the instructions X750 may be transtferred to
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the hardware resources XZ00 from any combination of the
peripheral devices X704 or the databases XZ06. Accord-
ingly, the memory of processors X710, the memory/storage
devices X720, the peripheral devices X704, and the data-
bases X706 are examples of computer-readable and
machine-readable media.

In some embodiments, the electronic device(s),
network(s), system(s), chip(s) or component(s), or portions
or implementations thereof, of FIGS. 14-20, or some other
figure herein may be configured to perform one or more
processes, techniques, or methods as described herein, or
portions thereof.

Example 1 may include a computer-readable medium
having instructions stored thereof, wherein the instructions,
in response to execution by a user equipment (UE), cause the
UE to store a rank indicator (RI), a precoding matrix index
(PMI), and a channel quality indicator (CQI) of channel state
information (CSI) for the UE, concatenate the RI, the PMI,
and the CQI to produce a concatenated CSI element, gen-
erate a CSI report that includes the concatenated CSI ele-
ment, and cause the CSI report to be transmitted to a base
station within a single slot.

Example 2 may include the computer-readable medium of
example 1, wherein the instructions further cause the UE to
concatenate the PMI and the CQI to produce a PMI-CQI
value, encode the PMI-CQI value, and encode the RI,
wherein to concatenate the RI, the PMI, and the CQI
includes to concatenate the encoded PMI-CQI value with the
encoded RI.

Example 3 may include the computer-readable medium of
example 2, wherein to concatenate the encoded PMI-CQI
value with the encoded RI includes to multiplex and inter-
leave the encoded PMI-CQI value with the encoded RI.

Example 4 may include the computer-readable medium of
example 2, wherein to cause the CSI report to be transmitted
includes to map each encoded bit of the encoded PMI-CQI
value to a different physical uplink control channel
(PUCCH) symbol from each encoded bit of the encoded RI.

Example 5 may include the computer-readable medium of
example 2, wherein to cause the CSI report to be transmitted
includes to map each encoded bit of the encoded PMI-CQI
value to a different physical uplink control channel
(PUCCH) format from each encoded bit of the encoded RI.

Example 6 may include the computer-readable medium of
example 2, wherein an encoding rate of the PMI-CQI value
is greater than an encoding rate of the RI.

Example 7 may include the computer-readable medium of
any of examples 1-6, wherein the instructions further cause
the UE to encode the concatenated CSI element, and
wherein the concatenated CSI element included in the CSI
report is encoded.

Example 8 may include the apparatus of any of examples
1-6, wherein the instructions further cause the UE to encode
the RI by Reed-Muller code, and encode the PMI and the
CQI by polar code.

Example 9 may include the apparatus of any of examples
1-6, wherein the instructions further cause the UE to encode
at least a portion of the RI using a demodulation reference
signal (DMRS) sequence.

Example 10 may include the apparatus of any of examples
1-6, wherein the CSI report further includes one or more
cyclic redundancy check (CRC) bits.

Example 11 may include the apparatus of any of examples
1-6, wherein the instructions further cause the UE to gen-
erate a joint index for the RI and the PMI, wherein to
concatenate the RI, the PMI, and the CQI includes to
concatenate the joint index with the CQI.
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Example 12 may include the apparatus of example 11,
wherein the instructions further cause the UE to encode the
joint index, and encode the CQI, wherein to concatenate the
RI, the PMI and the CQI includes to concatenate the
encoded joint index with the encoded CQI.

Example 13 may include the apparatus of example 12,
wherein to concatenate the encoded joint index with the
encoded CQI includes to multiplex and interleave the
encoded joint index with the encoded CQI.

Example 14 may include an apparatus for a base station
(BS), comprising circuitry to identify a transmission asso-
ciated with a rank indicator (RI) value received from a user
equipment (UE), determine channel state information (CSI)
from the transmission, and verify validity of the CSI based
on a characteristic of the transmission, and memory to store
the CSI.

Example 15 may include the apparatus of example 14 or
any other example herein, wherein the transmission com-
prises a CSI report, to determine the CSI includes to decode
the CSI report via a decoding procedure associated with a
certain RI value to produce the CSI, and to verify the validity
of the CSI includes to compare the CSI with one or more
cyclic redundancy check (CRC) bits to determine the valid-
ity of the CSI.

Example 16 may include the apparatus of example 15 or
any other example herein, wherein the circuitry, in response
to determination that the CSI is invalid, is further to decode
the CSI report via one or more other decoding procedures,
each of the one or more other decoding procedures associ-
ated with other corresponding RI values, to produce one or
more decoded CSI reports, and compare CSI of each of the
decoded CSI reports with the one or more CRC bits to
determine a one of the decoded CSI reports that is valid, and
the memory to store the CSI of the one of the decoded CSI
reports.

Example 17 may include the apparatus of any of examples
14-16 or any other example herein, wherein the transmission
comprises a demodulation reference signal (DMRS), to
determine the CSI includes to compare a sequence of the
DMRS with a DMRS sequence associated with a certain RI
value, and to verify the validity of the CSI includes to
determine a signal to interference and noise ratio (SINR)
associated with the DMRS sequence based on channel
estimation, and compare the SINR to one or more SINRs
associated with other DMRS sequences to determine the
validity of the CSI.

Example 18 may include the apparatus of example 17 or
any other example herein, wherein the circuitry, in response
to determination that the CSI is invalid, is further to deter-
mine SINRs associated with each of the other DMRS
sequences, and identify one DMRS sequence of the other
DMRS sequences with a highest SINR, and determine an RI
associated with the one DMRS sequence, and the memory is
to store the RI associated with the one DMRS sequence.

Example 19 may include an apparatus for a user equip-
ment (UE), comprising circuitry to identify an indication of
a subset of antenna ports of a base station, perform channel
measurements on the subset, and calculate channel state
information (CSI) based on the channel measurements, and
memory to store the CSI.

Example 20 may include the apparatus of example 19,
wherein the indication of the subset of antenna ports
includes an indication of a number of antenna ports in a first
dimension and an indication of a number of antenna ports in
a second dimension that produce the subset of antenna ports.

Example 21 may include the apparatus of any of examples
19 or 20 or any other example herein, wherein the circuitry
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is further to determine a codeword from a codebook based
on the CSI, and generate a CSI report for transmission to the
base station, wherein the CSI report includes the codeword,
and the memory is to store the codeword.

Example 22 may include the apparatus of any of examples
19 or 20 or any other example herein, wherein a number of
antenna ports within the subset is based on a number of
antenna ports supported by the UE for channel measure-
ment.

Example 23 may include an apparatus for a base station,
comprising means for generating a message for transmission
to a user equipment (UE), wherein the message includes an
indication of a subset of antenna ports of the base station to
be utilized by the UE for channel measurement, means for
generating a channel state information reference signal
(CSI-RS) for transmission on the subset of antenna ports for
the UE, means for identifying channel state information
(CSI) received from the UE, and means for storing the CSI.

Example 24 may include the apparatus of example 23,
wherein the message that includes the indication of the
subset includes an indication of a number of antenna ports
in a first dimension and an indication of a number of antenna
ports in a second dimension.

Example 25 may include the apparatus of any of examples
23 or 24, further comprising means for identifying a pre-
coding matrix indicator (PMI) included in the CSI, means
for determining precoding to be performed for the UE based
on the PMI, and means for applying the precoding to
transmissions sent from the subset of the antenna ports to the
UE.

Example 26 may include a method comprising storing a
rank indicator (RI), a precoding matrix index (PMI), and a
channel quality indicator (CQI) of channel state information
(CSI) for the UE, concatenating the RI, the PMI, and the
CQI to produce a concatenated CSI element, generating a
CSI report that includes the concatenated CSI element, and
causing the CSI report to be transmitted to a base station
within a single slot.

Example 27 may include the method of example 26 or any
other example herein, further comprising concatenating the
PMI and the CQI to produce a PMI-CQI value, encode the
PMI-CQI value, and encoding the RI, wherein concatenating
the RI, the PMI, and the CQI includes concatenating the
encoded PMI-CQI value with the encoded RI.

Example 28 may include the method of example 27 or any
other example herein, wherein concatenating the encoded
PMI-CQI value with the encoded RI includes multiplexing
and interleaving the encoded PMI-CQI value with the
encoded RI.

Example 29 may include the method of example 27 or any
other example herein, wherein causing the CSI report to be
transmitted includes mapping each encoded bit of the
encoded PMI-CQI value to a different physical uplink
control channel (PUCCH) symbol from each encoded bit of
the encoded RI.

Example 30 may include the method of example 27 or any
other example herein, wherein causing the CSI report to be
transmitted includes mapping each encoded bit of the
encoded PMI-CQI value to a different physical uplink
control channel (PUCCH) format from each encoded bit of
the encoded RI.

Example 31 may include the method of example 27 or any
other example herein, wherein an encoding rate of the
PMI-CQI value is greater than an encoding rate of the RI.

Example 32 may include the method of any of examples
26-31 or any other example herein, further comprising
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encoding the concatenated CSI element, and wherein the
concatenated CSI element included in the CSI report is
encoded.

Example 33 may include the method of any of examples
26-31 or any other example herein, further comprising
encoding the RI by Reed-Muller code, and encoding the
PMI and the CQI by polar code.

Example 34 may include the method of any of examples
26-31 or any other example herein, further comprising
encoding at least a portion of the RI using a demodulation
reference signal (DMRS) sequence.

Example 35 may include the method of any of examples
26-31 or any other example herein, wherein the CSI report
further includes one or more cyclic redundancy check
(CRC) bits.

Example 36 may include the method of any of examples
26-31 or any other example herein, further comprising
generating a joint index for the RI and the PMI, wherein
concatenating the RI, the PMI, and the CQI includes con-
catenating the joint index with the CQI.

Example 37 may include the method of example 36 or any
other example herein, further comprising encoding the joint
index, and encoding the CQI, wherein concatenating the RI,
the PMI and the CQI includes concatenating the encoded
joint index with the encoded CQI.

Example 38 may include the method of example 37 or any
other example herein, wherein concatenating the encoded
joint index with the encoded CQI includes multiplexing and
interleaving the encoded joint index with the encoded CQI.

Example 39 may include an method, comprising identi-
fying a transmission associated with a rank indicator (RI)
value received from a user equipment (UE), determining
channel state information (CSI) from the transmission, veri-
fying validity of the CSI based on a characteristic of the
transmission, and storing the CSI.

Example 40 may include the method of example 39 or any
other example herein, wherein the transmission comprises a
CSI report, determining the CSI includes decoding the CSI
report via a decoding procedure associated with a certain RI
value to produce the CS], and verifying the validity of the
CSI includes to compare the CSI with one or more cyclic
redundancy check (CRC) bits to determine the validity of
the CSL

Example 41 may include the method of example 40 or any
other example herein, further comprising decoding, in
response to determination that the CSI is invalid, the CSI
report via one or more other decoding procedures, each of
the one or more other decoding procedures associated with
other corresponding RI values, to produce one or more
decoded CSI reports, comparing CSI of each of the decoded
CSI reports with the one or more CRC bits to determine a
one of the decoded CSI reports that is valid, and storing the
CSI of the one of the decoded CSI reports.

Example 42 may include the method of any of examples
39-41 or any other example herein, wherein the transmission
comprises a demodulation reference signal (DMRS), deter-
mining the CSI includes comparing a sequence of the
DMRS with a DMRS sequence associated with a certain RI
value, and verifying the validity of the CSI includes deter-
mining a signal to interference and noise ratio (SINR)
associated with the DMRS sequence based on channel
estimation and comparing the SINR to one or more SINRs
associated with other DMRS sequences to determine the
validity of the CSI.

Example 43 may include the method of example 42 or any
other example herein, further comprising determining, in
response to determination that the CSI is invalid, SINRs
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associated with each of the other DMRS sequences, identi-
fying one DMRS sequence of the other DMRS sequences
with a highest SINR, determining an RI associated with the
one DMRS sequence, and storing the RI associated with the
one DMRS sequence.

Example 44 may include a method, comprising identify-
ing an indication of a subset of antenna ports of a base
station, performing channel measurements on the subset,
calculating channel state information (CSI) based on the
channel measurements, and storing the CSI.

Example 45 may include the method of example 44,
wherein the indication of the subset of antenna ports
includes an indication of a number of antenna ports in a first
dimension and an indication of a number of antenna ports in
a second dimension that produce the subset of antenna ports.

Example 46 may include the method of any of examples
44 or 45 or any other example herein, further comprising
determining a codeword from a codebook based on the CSI,
generating a CSI report for transmission to the base station,
wherein the CSI report includes the codeword, and storing
the codeword.

Example 47 may include the method of any of examples
44 or 45 or any other example herein, wherein a number of
antenna ports within the subset is based on a number of
antenna ports supported by the UE for channel measure-
ment.

Example 48 may include a method, comprising generat-
ing a message for transmission to a user equipment (UE),
wherein the message includes an indication of a subset of
antenna ports of the base station to be utilized by the UE for
channel measurement, generating a channel state informa-
tion reference signal (CSI-RS) for transmission on the subset
of antenna ports for the UE, identifying channel state
information (CSI) received from the UE, and storing the
CSIL.

Example 49 may include the method of example 48 or any
other example herein, wherein the message that includes the
indication of the subset includes an indication of a number
of antenna ports in a first dimension and an indication of a
number of antenna ports in a second dimension.

Example 50 may include the method of any of examples
48 or 49 or any other example herein, further comprising
identifying a precoding matrix indicator (PMI) included in
the CSI, determining precoding to be performed for the UE
based on the PMI, and applying the precoding to transmis-
sions sent from the subset of the antenna ports to the UE.

Example 51 may include an apparatus to perform any of
the methods of examples 26-50 or some other example.

Example 52 may include a means to perform any of the
methods of examples 26-50 or some other example.

Example 53 may include a computer-readable medium
having instructions stored thereon, wherein the instructions,
in response to execution by an apparatus, cause the appa-
ratus to perform any of the methods of examples 26-50 or
some other example.

It will be apparent to those skilled in the art that various
modifications and variations can be made in the disclosed
embodiments of the disclosed device and associated meth-
ods without departing from the spirit or scope of the dis-
closure. Thus, it is intended that the present disclosure
covers the modifications and variations of the embodiments
disclosed above provided that the modifications and varia-
tions come within the scope of any claims and their equiva-
lents.
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What is claimed is:
1. A base station, comprising:

a transceiver configured to enable wireless communica-
tion with a user equipment (UE); and

a processor communicatively coupled to the transceiver,

and configured to:

generate a message, wherein the message indicates a
subset of antenna ports of the base station to be
utilized by the UE for channel measurement;

transmit, using the transceiver, the message to the UE;

generate a channel state information reference signal
(CSI-RS);

transmit, using the transceiver, the CSI-RS on the
subset of antenna ports to the UE;

receive, using the transceiver, channel state information
(CSI) from the UE;

store the CSI,

determine a codeword based on the CSI by:
determining a precoding matrix indicator (PMI)

based on the CSI; and

determining the codeword based on the PMI; and

transmit, using the transceiver, a second message to the
UE on the subset of antenna ports, wherein the
second message is precoded by the codeword.

2. The base station of claim 1, wherein the message
includes a first dimension indication and a second dimension
indication of the subset of antenna ports of the base station.

3. The base station of claim 1, wherein the second
message is a physical downlink shared channel (PDSCH)
message.

4. The base station of claim 1, wherein the subset of
antenna ports of the base station has polarization slants of
plus or minus 45 degrees.

5. The base station of claim 1, wherein the processor is
further configured to transmit higher layer signaling to the
UE,

wherein the higher layer signaling indicates parameters to

be measured by the UE, and

wherein the parameters include the PMI.

6. The base station of claim 1, wherein the processor is
further configured to generate the message by:

determining a capability of the UE; and

determining the subset of the antenna ports based on the

capability.

7. The base station of claim 1, wherein the processor is
further configured to:

determine a capability of a second UE;

determine a second subset of antenna ports of the base

station; and

transmit the CSI-RS on the second subset of antenna ports

to the second UE.

8. A method of operating a base station comprising:

generating a message that indicates a subset of antenna

ports of the base station to be utilized by a user
equipment (UE) for channel measurement;
transmitting the message to the UE;

generating a channel state information reference signal

(CSI-RS);

transmitting the CSI-RS on the subset of antenna ports to

the UE;

receiving channel state information (CSI) from the UE;

storing the CSI;
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determining a codeword based on the CSI by:
determining a precoding matrix indicator (PMI) based
on the CSI; and
determining the codeword based on the PMI; and
transmitting a second message to the UE on the subset of 5
antenna ports, wherein the second message is precoded
by the codeword.
9. The method of claim 8, wherein the message includes
a first dimension indication and a second dimension indica-
tion of the subset of antenna ports of the base station.
10. The method of claim 8, wherein the second message
is a physical downlink shared channel (PDSCH) message.
11. The method of claim 8, wherein the subset of antenna
ports of the base station has polarization slants of plus or
minus 45 degrees.
12. The method of claim 8 further comprising:
transmitting higher layer signaling to the UE,
wherein the higher layer signaling indicates parameters to

be measured by the UE, and 20

wherein the parameters include the PMI.

13. The method of claim 8, wherein generating the
message further comprises:

determining a capability of the UE; and

determining the subset of the antenna ports based on the »s

capability.
14. The method of claim 8 further comprising:
determining a capability of a second UE;
determining a second subset of antenna ports of the base
station; and
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transmitting the CSI-RS on the second subset of antenna

ports to the second UE.

15. A user equipment (UE), comprising:

a transceiver configured to communicate with a base

station; and

a processor communicatively coupled to the transceiver,

and configured to:

receive, using the transceiver, a message from the base
station, wherein the message indicates a subset of
antenna ports of the base station;

receive, using the transceiver, a channel state informa-
tion reference signal (CSI-RS) from the subset of
antenna ports of the base station;

measure channel state information (CSI) based on the
CSI-RS;

determine a precoding matrix indicator (PMI) based on
the CSI;

transmit, using the transceiver, a CSI report to the base
station; and

receive a second message from the subset of antenna
ports of the base station, wherein the second message
is precoded based on the PMIL.

16. The UE of claim 15, wherein the CSI report includes
the PMI.

17. The UE of claim 16, wherein the processor is further
configured to determine the PMI by determining a codeword
from a codebook based on the CSI.

18. The UE of claim 16, wherein the second message is
a physical downlink shared channel (PDSCH) message.

#* #* #* #* #*



